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ABSTRACT 
The research involves the analysis and design of a new band of horn antennas, 
namely Frequency Selective Horns (FSHs). Folding a Frequency Selective Surface 
(FSS) into a shape of a cone makes a FSH. The stimulus behind this research 
emanates from an idea to use the FSH as a microwave camera for medical 
diagnostic purposes. FSHs with dipole geometries have been modelled using 
existing software. A quasi-static approximation models the dipole elements with a 
dielectric backing as dielectrically loaded cylindrical conducting elements. The 
curvature of the surface is taken into account by dividing the elements into 
segments that conform to the curved surface. An integral equation takes into 
account the interactions between all the elements. The current due to the incident 
electromagnetic incidence is solved using the Method of Moment (MoM) technique. 
The author modified the model in order to speed up the computational time by 
utilising the symmetries in the impedance matrix. The predicted results of the 
conical FSH with dipole elements have been compared with experimental results 
carried out in an anechoic chamber. The comparisons include E and H-plane 
radiation patterns and the frequency response. Furthermore, current distributions on 
the surface of the cone have been predicted and return-loss measurements have been 
produced. Five FSHs with different geometries are presented in this thesis. The near 
field of the horn is modelled by sub-dividing the feed aperture into small patches 
and summing the fields generated by each patch in order to find the total field from 
the circular wave guide. Predicted results of the radiation patterns for the feed have 
also been produced and compared with measurements. 
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CHAPTER 1.0 
INTRODUCTION 
1.1 Introduction to Frequency Selective Horns (FSH) 
Frequency Selective Horn (FSH) antennas fall under the category of curved 
Frequency Selective Surfaces (FSS). FSS are predominantly passive 
electromagnetic filters formed by thin conducting elements on a dielectric substrate 
or periodic aperture elements in a conducting sheet. Thus, depending on the type of 
elements (conducting or apertures), they exhibit bandstop or bandpass properties 
when excited with an incident electromagnetic wave. These filtering properties of 
FSS have been successfully utilised in curved FSS antenna systems as FSS sub-
reflectors [1,21, radomes [3,41, Frequency Selective Guides (FSGs) [5-131 and FSHs 
[14-181. Recent advances in various aspects of FSS and applications are 
documented in [191 along with modelling and analysis ofFSS [20,211. 
As shown on Figure 1.1, folding a FSS sector into a shape of a cone forms a FSH. 
In principle, they take the shape and size of a solid conical horn for a particular 
frequency band, but their walls are replaced by a FSS. Due to the ease in fabrication 
and their performance FSHs find many applications where lightweight and inherent 
multi band capabilities are desired. 
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Figure 1.1 Flat FSS sector folded into a shape of a cone 
Figure 1.2 FSH with dipole elements under test in an anechoic chamber 
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Figure 1.2 shows a dipole array FSH under test in an anechoic chamber. Other FSHs 
with different element geometries [22-24] have been investigated in the past. At the 
resonant frequency the FSH performance is very close to that of a metallic solid 
horn of the same dimensions and away from resonance the horn becomes relatively 
transparent. The wavelength of resonance A" is approximately twice the element 
length (21)for a dipole array and 41 for tripole and square loop arrays, where I is 
the length of element. For the circular loop A, = 2n(Rin + O.5w) , where Rin is the 
inner radius. The element width w is in most cases much smaller than its length 
[20]. 
The incentive behind the research presented in this thesis stems from an idea of 
using a FSH as a microwave camera for medical diagnostic purposes. The FSH is to 
be placed inside a Magnetic Resonance Imaging (MRI) machine to measure 
radiation from the human body. The radiation is proportional to the internal body 
temperature that could be used to identify malignant tissues [25-27]. Since the FSHs 
have a very small metal content compared to a solid horn, the interference with the 
MRI machine is minimal thus making it an ideal contender as a microwave 
radiometric sensor [15]. 
Other applications of FSHs include dual band antennas with equal beamwidths and 
gain. The horns could be independently fed at the two different bands and formed 
by mounting the structures co axially. Other areas of interest include base station 
antennas, curved filters and smart antennas. For fixed frequency applications, the 
FSH may already offer significant advantages in terms of weight and out of band 
RCS, both of which should be lower than for comparable solid horns. 
1.2 Structure of the thesis 
The main objective of Chapter 2 is to introduce the reader to FSH antennas. 
Initially, constructing the conical FSH from a planar FSS is presented. Measured 
results of five horns are discussed. The E and H- plane radiation patterns of the 
3 
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FSHs are compared to that of a solid horn of the same dimensions and to an open-
ended circular waveguide. 
Chapter 3 deals with the modelling of the conical FSH. The task of employing 
curved FSSs is particularly challenging. The computational requirements, numerical 
complexities and the intricacies in the excitation mechanisms can sometimes be 
restricting factors in understanding and designing FSHs. In order to model a curved 
FSS consisting of metallic elements supported by a dielectric substrate, a quasi-
static approach first developed by Popovic [28] for a dielectric coated antenna is 
used. The scattered field due to metallic dipole elements on a FSH is formulated 
using the Electric Field Integral Equation (EFIE) and is solved using the Method of 
Moments (MoM). The analysis takes into account the finite dipole geometry, the 
curvature and the mutual coupling between all the elements on the conical surface. 
The MoM reduces the EFIE into a set of coefficients in the form of a matrix. 
Certain symmetries lie in the impedance matrix, which can be exploited in order to 
improve the computational time. 
In order to feed the FSH a circular waveguide is used. In Chapter 4, modelling of 
the circular feed is presented. The feed aperture is sub-divided into small patches 
and a rigorous evaluation approximates the near field of the horn by using a 
superposition of point sources (SPS) and adapting the Stratton and Chu formulation 
to find the fields [29]. The measured results of E and H-plane radiation patterns and 
frequency responses of a polar dipole array geometry are compared with the 
simulated results. A good agreement is observed between the two. The flat dipole 
elements printed on a dielectric sheet are modelled here as dielectrically loaded 
cylindrical elements. In the past formulas have been presented and have been used 
here to find the equivalent radius of the conductor and the dielectric loading [30-
34]. The effects of changing the loading and the radius of the conductor are studied 
closely in this Chapter. 
Conclusions and future work evolving from this thesis are presented in Chapter 5. 
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CHAPTER 2.0 
MEASURED RESULTS OF THE FSH WITH 
DIPOLE, RING AND SQUARE ELEMENT 
GEOMETRIES 
2.1 Introduction 
This Chapter forms the foundation of the Frequency Selective Horn (FSH) antennas 
to be presented in this thesis. The Chapter begins with introducing a FSH antenna to 
the reader. Five types of FSHs are presented in this Chapter. Two horns consist of 
dipole array geometries, another of cross dipoles and finally two horns consisting of 
a more symmetric square loop and ring array geometries. 
In section 2.2, the reader is introduced to the FSH. Section 2.3 deals with the 
construction of the FSH from a flat array sector. The physical dimensions of the 
horn are also presented in this section. The first of the two dipole FSHs is 
introduced in section 2.4. This horn is referred to as MJ1. Measured and simulated 
results of this horn have been already published [1-5]. In section 2.4.1 the MJl horn 
geometry is introduced. Typical physical values of the dipole geometry are also 
tabulated in this section. The experimental set-up used for the measurements is 
presented in the next section. 
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The geometry of MJl is such that the horn can be rotated by 90° with respect to the 
incident field to obtain a different response from the horn. With the geometrical 
symmetries in the horn, two such orientations were investigated. The nomenclature 
of the two orientations is described in section 2.4.3. In order to design a FSH to 
work at a desired frequency, the dimensions of the dipole elements, the lattice 
geometry and the thickness of the substrate play a crucial part. As a preliminary test 
to identify the resonance frequency, a flat array geometry is used. Simulated and 
measured results of a flat panel for a particular dipole geometry are presented in 
section 2.4.4. Since the angle of illumination within the FSH varies from the mouth 
of the horn to the feeder end, the effect of changing the angle of incidence for a flat 
panel is investigated. The frequency response of the FSH and the return loss 
measurement (Sl1) are presented in section 2.4.5. Finally, the radiation pattern 
measurements of both the E and H planes are presented in section 2.4.6. The dipole 
geometry of MJI is rotated by 90° to form the second of the FSHs discussed in this 
Chapter. Section 2.5 gives a brief introduction to the Transverse dipole array 
(designated MJ3 throughout the thesis). Section 2.5.1 introduces the MJ3 horn 
geometry. The frequency response and the Sl1 results are presented in section 2.5.2. 
The measured radiation patterns of MJ3 are compared to both the solid conical horn 
and the circular waveguide and are presented in section 2.5.3 
In section 2.6 the cross dipole array geometry is introduced. The frequency response 
in and the return loss measurements of the horn are presented in section 2.6.1 and in 
section 2.6.3 the radiation patterns are discussed. The square loop array geometry is 
investigated in section 2.7. The frequency response and the radiation pattern 
measurements are discussed in sections 2.7.2 and 2.7.3 respectively. The fifth and 
final FSH geometry presented in this Chapter consists of ring elements. Like cross 
dipoles and square loops, rings have an advantage over linear dipoles, since these 
are dual polarised elements. Section 2.8 introduces the ring array geometry. Section 
2.8.1 presents the frequency response of the FSH and the return loss measurements. 
The radiation patterns of the horn are presented in section 2.8.2. The E and H 
measured patterns are compared to that of a solid horn. Finally, section 2.9 
summarises the essence of the Chapter as conclusions. 
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2.2 Conical Frequency Selective Horn 
In this section, the measured results of three different Conical Frequency Selective 
Horn (FSH) antennas are presented. Two of the horns contain dipole geometries. 
The other FSH consists of a symmetric ring array geometry. The measured results 
presented in this Chapter consist of radiation patterns (both E and H-planes), return 
loss measurements and frequency responses. The FSH is constructed by folding a 
planar sector consisting of the appropriate geometry into a shape of a cone. 
2.3 Construction of the conical FSH and dimensions 
The FSH is constructed by printing the desired element geometry on a flat planar 
sector and folding the surface to form a cone. Standard photolithographic techniques 
were used in order to print the elements on the copper sheet with a dielectric 
backing. Figure 2.1 shows a simple polar dipole array sector. Care is taken to 
identify ce~ symmetries in the cone sector in order achieve symmetrical 
radiation patterns. From the conical geometry, it is evident that certain design 
constraints exist, especially where the periodicities of the elements are concerned. 
The elements are printed on the sector such that full-length elements are nearer to 
the feed end of the horn. This was true for any design geometry, as it is more 
efficient to excite full-length elements near the feed aperture. An offset of O.5mm 
was used on one side of the sector in order to glue the sides of the sector to form the 
horn. Figure 2.2 depicts the horn parameters and Table 2.1 tabulates the typical horn 
dimensions. 
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Horn Data Variables Description Typical Value 
dr cone radius 44.00mm 
LT cone slant length 194.00mm 
r horn aperture 7.50mrn 
Le horn slant length 160.00mm 
H horn height 156.74mm 
a horn semi-flare angle 13.10 
Table 2.1 Horn Dimensions 
2.4 FSH consisting of a Dipole Array Geometry (MJl) 
This horn design stems from an earlier study [6,7], that included a dipole array of 
elements radially pointing outwards from the feed aperture of the horn. In this 
design top and bottom or left and right symmetry of the elements can be observed. 
The design is designated as MJ1 and forms the basis for another design to be 
discussed in section 2.5 in this Chapter. 
2.4.1 MJl Horn Geometry 
Figure 2.3 shows the MJ1 horn geometry. The flat metallic elements supported by a 
dielectric substrate are modelled here as cylindrical dipole elements with a dielectric 
coating. The design parameters such as the periodicity in x and y (D1 and D2 
respectively) and the length of the dipole (I) on a flat sector denote the variables 
used in the model described later on Chapter 3. Table 2.2 summarises some typical 
values used for the simulation model. The flat dipole of width w supported by a 
dielectric layer is modelled here as dielectrically coated dipole of diameter a and 
dielectric thickness s. However, the effects of changing some of the parameters such 
as s and a were investigated and are presented in detail Chapter 4. 
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s 
cylindrical model 
of dipole/substrate 
As seen from Figure 2.3, D1 and D2 are the distances between the centre of each 
dipole element to the centres of the next two neighbouring elements. a 0 in degrees 
is the angle between D1 and D2, while a 1 and a 2 are the angles from D1 and 
D2 with respect the to the x-axis of the planar array Frequency Selective Surface 
(FSS) geometry. The variable a elm' is the angle of the orientation of each dipole 
with respect to the x-axis. The angle cp allows the cone to be rotated in the x-y 
plane (see Figure 2.5), hence setting the FSH orientation with respect to the incident 
fields. 
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Array Parameters Description Typical Value 
I length of dipole 7.70mm 
w width of the flat dipole 0.35mm 
a diameter of dipole 0.175mm 
DJ, D2 cell periodicity 10.00, 1O.00mm 
a O,a1 ,a2 lattice geometry ° ° ° 90.00 , 0.00 , 90.00 
a elm dipole orientation 0.00° 
<p FSH orientation 0.00° 190.00° 
s thickness of dielectric 0.1001 0.04 10.03mm 
er dielectric reI. permittivity 3.00 
Table 2.2 Array parameters 
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2.4.2 Experimental set-up 
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Chapter 2 
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w veguide 
FSH 
To the FSH 
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Microwave source 
HP8757 
WG,18 
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circular to 
rectanglular transition 
PC Control 
grabs data from 
analyser 
Scalar Network Analyse] 
Figure 2.4 Schematic diagram afthe experimental set-up 
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Radiation pattern and frequency response measurements were carried out in an 
anechoic chamber. The absorber walled chamber was equipped with an 8757A 
scalar network analyser and HP8350B sweep oscillator. A computer is connected to 
the analyser for data transfer. A schematic diagram of the measurement set-up is 
shown in Figure 2.4. The frequency range used for the measurements was 12-
18GHz. From the power output terminal of the sweep oscillator, a flexible J-band 
(WGI8-UK) waveguide was attached. An HP11901D adapter made the connection 
between the waveguide and the terminal. The other end of the flexible waveguide 
was attached to solid rectangular section. The latter then fitted to a smooth 
rectangular to circular transition. The circular cross-section end of 7.5mm radius 
forms the open-waveguide for the FSH feed. A pyramidal solid horn, of aperture 76 
x 56 mm and slant length 145mm was used as the receiving antenna. A moving arm 
that can be rotated by ± 70° secured the receiving horn. A simple potentiometer set-
up is used to measure the angles of rotation and an ADC card installed in the PC 
converts the analogue signals received by the potentiometer into digital data. The 
system is first calibrated from ± 70°, to assign a potential from 0 to lOV for each 
respective angle. In addition, a GPIB interface card in the PC allows computer 
control of the sweep oscillator (power source) so that radiation pattern and 
frequency response measurements can be readily obtained for 401 sampled points. 
This enables more rapid measurements to be taken over a wider frequency range in 
contrast to spot frequency scans without computer control. 
A piece of absorber was attached flush against the feed aperture to prevent any 
scattering from the edges of the feed onto the FSH. The FSH was attached to the 
feed by slightly over sizing the dielectric slant length thereby making the aperture 
slightly smaller than 7.5mm. Thus, the oversized length (3mm) acting as a support 
to firmly keep the FSH attached to the feed. 
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2.4.3 Position Configuration of the horn 
Two independent orientations of the FSH with respect to the incident field have 
been investigated. In the model, the angle qJ enables the FSH to be rotated in the x-
y plane with respect to the incident field. Figure 2.5 shows the nomenclature used 
for position configurations of radiation pattern and frequency response 
measurements. 
FSH H-plane measurement at position A 
x x 
~/ ~ ~----------------- -------------- ----------------- ----
RxHom seam where 
sector joins 
FSH E-plane measurement at position A 
seam 
sector joins 
FSH H-plane measurement at position B 
~x .... .. ' .,/" ,~:: 
x 
seam where 
sector joins 
FSH E-plane measurement at position B 
, 
x 
seam where 
sector joins 
Tx rectangular 
waveguide orientation 
-+ 
E 
Tx rectangular 
waveguide orientation 
nlmjn.njm tE 
! 
Tx rectangular 
waveguide orientation 
······Hl -+ E 
Tx rectangular 
waveguide orientation 
Figure 2.5 FSH position configuration 
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As seen from Figure 2.5, the positions A and B classifications rely on the 
orientation of the FSH with respect to the incident if field. By rotating the FSH by 
90° with respect to the feeder, position A could be changed to B or visa versa. 
2.4.4 Identifying the resonance frequency 
The advantage of a FSH is the flexibility to control the resonance frequency for a 
particular antenna for specific system requirements. As a general rule of thumb, at 
the resonance frequency, for a dipole the length of the dipole is approximately %. 
Where it is the wavelength at the resonance frequency. However, if a dielectric 
layer supports the dipole elements the resonance frequency will be lower than the 
latter case. As the thickness of the dielectric material increases the resonance 
frequency becomes lower. Another important feature is the angle of incidence. As 
the angle of incidence is varied, the resonance frequency shifts higher or lower 
depending on the TE or TM incidence. Due to the geometrical nature of the FSH, 
the angles of illumination within the horn vary from 75° at the feed aperture of the 
horn, to 87° at the mouth of the horn. As the angle of incidence is increased the 
resonance frequency becomes lower for TE incidence. So initially, to have an 
indication of the resonance frequency of a particular FSH, the initial design 
procedure involves the plane wave modelling of a particular geometry. 
Figures 2.6 and 2.7 show the simulated and measured transmission responses versus 
the frequency for TE and TM incidences respectively when the flat FSS is 
illuminated with a plane wave. Initially, the system is calibrated without the FSS for 
a particular angle of incidence. Then the FSS is mounted on an aperture the size of 
30 x 40cm and is illuminated with the incident plane wave to produce the 
transmission response. The resonance frequency is designated by the null. i.e. at this 
frequency the dipoles become highly reflective to the incident plane wave. 
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The comparison of simulated and measured response of a dipole array was 
presented in Figures 2.6 and 2.7. The physical dimensions of the dipole elements, 
cell periodicity are identical to that presented in Table 2.2. The thickness of the 
dielectric material used was O.lmm and the relative permittivity was 3.0. 
The simulations were carried out using "in-house" software to find the plane wave 
response of a dipole array backed by a dielectric layer. The program has the 
versatility to model five layers of back to back dipole arrays supported by dielectric 
layers. From the graphs it is apparent that as the angle of incidence is increased the 
resonance frequency is lowered for TB incidence and higher for TM incidence. For 
this study, the interest lies in the TB incidence since it is the TEll mode that is used 
to excite the FSH. 
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As seen from Figure 2.6, a very good agreement between the simulated and 
measured response for the TE incidence was obtained. Due to mechanical 
constraints, angles as high as 7So cannot be measured in the anechoic chamber. 
Hence only simulated results for these angles are produced in Figure 2.8. The 
resonance frequency for 7So and 87° TE incidence is 14.40 and 14.2S0Hz 
respectively. 
2.4.5 Frequency response comparisons at positions A and B 
In this section, the frequency response of the measured results of MJl at position A 
and B are presented. As seen in Figure 2.9, at position A, the measured gain of the 
FSH is higher than that of position B (by approximately IdB). Moreover, the 
resonance frequency has shifted from IS.280Hz (position A), to 13.000Hz 
(position B). The maximum gain at position A is 11.84dBi. The gain of the circular 
waveguide is also plotted for comparison. 
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Figure 2.10 Return loss measurements of positions A and B 
A frequency sweep from 12 to 18GHz was sampled at 0.024GHz intervals such that 
250 data points were obtained across the above-mentioned range. Figure 2.10 shows 
the return-loss (Sll) measurements of the horn antenna at positions A and B. Firstly, 
the end of the open-ended circular wave guide was calibrated with respect to a 
matched load, open circuit and a short circuit. Thereupon the conical horn antenna 
was attached to the end of the open-ended waveguide as the device under test. As 
seen from Figure 2.10 the Sll measurements suggest that the resonance frequency is 
at 14.70GHz. Infact it can be said that the antenna is well matched to the waveguide 
from 13 to 15.5GHz (the Sll measurement is less than -15.00dB). From the 
measured and the simulated results of Figure 2.9 for position A and B, it can be 
clearly seen that the resonance frequencies fall at the end of this range. 
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2.4.6 Radiation pattern measurements 
In this section, the radiation pattern measurements of the horn at position A are 
presented. The radiation patterns are normalised with respect to the boresight value 
of the FSH for a particular frequency and plane (E or H). 
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Figure 2.11 E-plane radiation patterns at position A 
Figure 2.11 shows a comparison of the measured radiation patterns at 14.00Hz, 
15.250Hz and 17.00Hz in the E-plane at position A. From the graphs, the 
resonance frequency can be identified as follows; at 140Hz and 170Hz the patterns 
are wider than that at 15.250Hz. A narrower beam indicates the antenna is far more 
directive at this frequency. At resonance, the FSH behaves similar to a solid horn 
and reflects the maximum incident field thereby making the radiation patterns 
narrower. There is more leakage of power at non-resonance frequencies hence, the 
radiation patterns are wider at these frequencies. 
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The narrowest radiation pattern in the E-plane is at 15.250Hz. The first null occurs 
at 36° at 15.250Hz. The measured -lOdB beam width at 15.250Hz E-plane is 
58.57°. 
Figures 2.12 shows the measured radiation patterns of the H-plane at position A. 
Although the patterns are wider than the E-plane, the resonance frequency could 
still be identified. This is due to the orientation of the dipoles with respect to the 
incident field in the H-plane. If the dipoles were rotated by 90° as described in 
section 2.5, the incident field could excite the dipoles more efficiently in the H-
plane thereby making the patterns narrower. The -lOdB beam width at 15.250Hz in 
the H-plane is 97.04°. 
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Figure 2.12 H·plane radiation patterns at position A 
26 
Measured Results Chapter 2 
o .. i··.I ... l···{···i···'···~···~· , .,. . .. ;.:..:,.., ....... , ...•... ; ... ; ... ; ... , .. . 
_1 0 
..... ~[::::: ....... -!.:: . "'. .!:::::::" ..... '.--:::;:::' ..... f:::, ... '.-:-. ".i ~-: i:~, . ~ii~L ~ ~ ~ 
< - :·T:'::LI1~f. 
... ~ ... ~ ... : ... ~ ... i 
.. i.. ' -20' .. , .... , .... , ... 
.,. , .. . 
... ; ... " .. l ... , .; ... ~ .. i ...... : ................. ~ .t .. i ... : ... : ... j\.; ... ; ... , .. ~ .. . 
. ~ J;~jlJ: ~~;~~::::;T1tfr 
: : : : : : 
~O· . 
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 
angle (deg.) 
Figure 2,]3 15.25GHz, E-plane MJ], compared with solid horn and waveguide 
o .. ; ... ; ... ; ... { ... ; ... ; ... ~ ..... 
.. ;;~",,-~>H 
"~ ... . . .. ~ ... !- .! ... ! ... !. -.~ ... 
:/' : ": .. ,. s~-..: i l : 
..... :··~1~~· 
-10 
-20 
• • , • • of' • • • • • • . ... • • • 
· .. l···l ... l···'· .. r··l······· ................ ' ......... ' ···'············\~~·r··l .. ·1 l'-,,··· 
." J;/~:r' ~~~=::,:; ,1N~! 
_40L-~~~~~~~~-L~~~~~~~~~~~~~ 
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 
angle (deg.) 
Figure 2,]4 15.25GHz, H-plane MJ], compared with solid horn and waveguide 
27 
Measured Results Chapter 2 
Figures 2.13 and 2.14 shows the comparison of the E and H-plane measurements 
with respect to the feed patterns and to a solid conical horn of the same dimensions 
as MJ1. At the resonance frequency of the FSH, the gain of the solid conical horn is 
21.6dBi compared to that of a pyramidal horn of 19.9dBi. In comparison, the 
measured gain of MJI at resonance is 11.84dBi. The FSH radiation patterns are 
only comparable at its resonance with the solid horn because patterns are a lot wider 
at other frequencies. The -3dB beamwidth of the solid horn is 12.5° in comparison 
to 42° for the FSH in the E-plane. In the H-plane the solid horn pattern is slightly 
wider with the -3dB beamwidth being 16.5° in comparison to 59° of the FSH. 
2.5 Transverse Dipole Array (MJ3) 
In this section, a horn consisting of transverse dipole elements is presented with the 
orientation of the dipole geometry of MJl being rotated by 90° to that of MJI. The 
measured results of the frequency response, radiation patterns and return loss of this 
design are presented. 
2.5.1 MJ3 Horn Geometry 
The primary design of the horn MJl discussed in section 2.4, has been modified to 
produce the horn geometry for the MB design. As the name suggests the geometry 
of the dipoles in MJI are rotated by 90° for the MB design. Figure 2.15 shows the 
horn geometry for MJ3. 
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Figure 2.15 MJ3 horn geometry 
2.5.2 Frequency response 
In this section, the frequency response of the horn MJ3 is presented. As with the 
MJI design, the gain of the antenna at position A was higher than at position B. 
Hence, results of position A are only presented in this thesis. 
Figure 2.16 shows the measured frequency response. There are three distinct 
regions identifiable in the graph. Namely, a very high gain area from 12-12.45GHz, 
which resembles mainly a surface wave mode (SW). Then a leaky region (LW) 
where most of the power leaks out from the sides of the FSH. Finally, a gain area 
(GW) with a maximum measured gain of 12.31dBi at 15.5GHz. Similar results [8] 
have been obtained for Frequency Selective Guides (FSGs) with dipole elements in 
a transverse geometry. The surface wave mode is excited due to the discontinuity of 
the dipole array. 
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Figure 2.16 MJ3 Measuredfrequency response 
From the S 11 results in Figure 2.17 two frequencies where the FSH is matched can 
be seen. Although the matching is poor « -15dB), the frequencies coincide around 
the high gain areas (12.45 and 15.50Hz). Since the Sl1 result predicts poor 
matching between the FSH and the feed which could also be due to undesired 
reflections between the feed and the FSH. These reflections could re-excite the 
dipoles again and cause secondary lobes in the radiation patterns (higher sidelobes). 
As seen overleaf, the radiation patterns tend to have higher sidelobes, which could 
be due to the aforementioned scenario. From the S 11 response it is clear that at 
12.80Hz the matching is very poor. At this frequency, the gain of the FSH is below 
the gain of the open-ended waveguide which indicates an additional loss of energy. 
at 12.80Hz. 
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Figure 2.17 Return loss measurement of MJ3 at position A 
2.5.3 Radiation pattern measurements 
Figures 2.18 to 2.19 show the comparison of E and H-plane measured radiation 
pattern responses at 12.5, 15.5 and 17.0GHz. In the E-plane, the narrowest pattern 
occurs at 12.5GHz when the gain is at a maximum. The -lOdE beamwidth at 
12.5GHz is 21°. In comparison, at the resonance frequency of 15.5GHz, the -lOdE 
beamwidth is 102° and there are high sidelobes, which could be due to the re-
radiation within the FSH. In the H-plane at the same frequency, the -lOdB 
beam width is 92.5°. The H-plane pattern is slightly narrower than the E-plane due 
the transverse dipole geometry. The most noticeable fact is that the presence of high 
side lobe levels which swamp the main beam at most frequencies in the H-plane. 
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Figure 2.19 H-plane radiation patterns at position A 
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Figure 2.21 H-plane MJ3 compared with solid horn and waveguide 
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Figures 2.20 and 2.21 show the comparison of the E and H radiation patterns at 
15.5GHz. The wave guide patterns as expected are wide in both planes. The half 
power beamwidth is 70° for both the E and H-plane patterns at 15.5GHz. 
Comparatively, for the FSH the H-plane pattern, the main lobe has the same -3dB 
beamwidth of 15° to that of a solid horn of the same dimensions. In the E-plane the 
FSH radiation pattern is wider than the H-plane due to the transverse dipole 
geometry. The half power beamwidth in this case for the FSH is 30° in comparison 
with the 14° of the solid horn. Again as in the H-plane, high sidelobes yield in 
broader patterns with a ripple. 
2.6 Cross Dipole Array (MJ5) 
This section deals with the Cross dipole array geometry. Having investigated the 
dipole array geometry (MJI) and the transverse dipole array geometry (MB), the 
effects of combining the above-mentioned designs together on one FSH formed the 
cross dipole geometry. 
2.6.1 MJ5 Horn Geometry 
Superimposing geometries of MJI and MB on one another forms the FSH 
geometry of MJ5. Figure 2.22 shows the flat sector consisting of cross dipole 
elements. From Figure 2.22 it is evident that due to geometrical constraints the 
elements at the edge and the middle of the sector do not contain full length cross 
dipole elements. The lengths of the cross dipole arms, periodicity, width of the 
elements and the thickness of the substrate are similar to that of MJI and MB. 
These array parameters were previously tabulated in Table 2.2. 
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Figure 2.22 MJ5 horn geometry 
2.6.2 Frequency response 
The plane wave response of the cross dipole geometry is shown in Figure 2.23. The 
frequency response of the horn MI5 is presented in Figure 2.24. As with the 
transverse dipole array, there are three distinct regions identifiable in the graph. The 
surface wave region as before ranges from 12-12.45GHz at a maximum level of 
l5dBi. The leaky wave region extends to 13.95GHz. The response of the FSH in 
this region is below the gain of the open-ended waveguide. Finally, a gain region 
where the cross dipoles start to resonate and reflect the incident electromagnetic 
waves. The maximum measured gain is 15.0dBi at 15.25GHz. The gain of MB at 
the resonance frequency was 12.3ldBi. Figure 2.25 shows the return loss 
measurements of MI5 that is similar to MB. The matching at the resonant 
frequency is again poor «-15dB). 
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Figure 2.25 Return loss measurement 
2.6.3 Radiation pattern measurements 
Figures 2.26-2.29 shows the E and H-plane measured radiation patterns of the FSH. 
The patterns were obtained at position A. As in the case of MJ3, the narrowest 
patterns occurs at the surface wave mode region and at the resonance frequency. For 
representative purposes a frequency slightly below the resonance (IS.0GHz) is 
shown in Figures 2.26 and 2.27. At ISGHz, -10dB beamwidths in the E and H-
planes are 39.9° and S3arespectively. In comparison, at the resonance frequency for 
the transverse dipole array the E and H-plane -1OdB beamwidths were 102° and 
92.So respectively. The difference in the beamwidths is due to the higher gain 
obtained from MJS. Figures 2.28-2.29 shows the comparison of E an H-plane 
radiation patterns at 15.0GHz with a solid horn and an open-ended waveguide. The 
half power beamwiths of MJ5 in the E-plane is 23.5° in comparison to 80° of the 
waveguide and 15° of the solid horn. In the H-plane, -3dB beamwidth for MJ5 is 
16° in comparison to 80° of the waveguide and ISO for the solid horn. 
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Figure 2.28 E-plane MJ5 compared with solid horn and waveguide 
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2.7 Square loop array 
Sections 2.4-2.6 dealt with FSHs consisting of various geometries of dipole arrays. 
In this section a FSH consisting of double square loop element geometry is 
introduced. Figure 2.30 shows a conical FSH with square loop elements. The inner 
square's side length 1;=3.1mm and the outer side length lo=5.2mm. The widths of 
the inner and outer squares were O.lmrn and 0.7mrn respectively. The array 
elements were arranged on a closely packed square lattice of periodicity D=5.5mrn 
and printed on a 0.05mrn thick dielectric substrate ([; r =3). The surface was glued 
to a O.lmrn thick acetate former ([; r =2.33) to provide rigidity. 
Figure 2.30 FSH with square loop elements 
2.7.1 Frequency Response 
The plane wave frequency response for lE and TM incidences at 75° and 87° is 
shown in Figure 2.31.It is evident that the resonance frequency is stable with the 
angle of incidence unlike the dipole and cross dipole geometries. The frequency 
response of the square loop array is shown in Figure 2.32. The gain of the FSH is 
compared to that of the open-ended waveguide. The maximum gain of 21.1dBi 
occurs at 15.48GHz. The return loss measurements shown in Figure 2.33 shows that 
a good match is present between the waveguide and the FSH. 
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Figure 2.33 Return loss measurement of the square loop array 
2.7.2 Radiation pattern measurements 
Figures 2.34 and 2.35 show the E and H-plane radiation patterns of the FSH 
compared to that of a solid horn of the same dimensions and the open-ended 
waveguide at 15.50Hz, As seen from the radiation patterns it is clear that the FSH 
with square loop elements behaves as good as a solid horn at the resonance 
frequency. Away from the resonance as in the dipole geometries the radiation 
patterns become wider than that of the solid horn. At 15.50Hz the half power 
beamwidth of the square loop elements in the E and H-plane are 11.50 and 12.80 
respectively. The narrower beamwidths obtained for the square loop geometry is 
highlighted by the higher gain in comparison to the dipole geometries discussed in 
the previous sections. The narrower beamwidths indicate that the FSH is more 
directive at the resonant frequency thereby giving a higher gain. 
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2.8 Ring array 
In this section a FSH consisting of a ring array geometry is introduced. Previous 
studies of ring array geometries are found in [9, 10]. Figure 2.36 shows the tightly 
packed array geometry of the flat sector consisting of ring elements. The internal 
diameter of the rings d;=5.55mrn and the external diameter do=6.25mm. The polar 
period ic ity D;=7.3mrn and the radial periodicity Dr=7. 15mm. 
Figure 2.36 FSH with ring array geometry under test 
2.8.1 Frequency Response 
Figure 2.37 shows the plane wave response for the ring array at 75° and 870. The 
resonant frequency is around 150Hz at these high angle of incidence. As seen from 
Figure 2.38 the gain of the FSH is 19.9dBi at 15.430Hz. The 3dB bandwidth of the 
FSH with ring elements is 13.39% in comparison with the bandwidths of the dipole 
arrays MJI (5.5%) and MJ3 (12.9%) at their specific resonant frequencies. The 
bandwidths of the cross dipole array (7.86%) and the square loop array (14.1 9%). 
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Figure 2.39 shows the return loss measurement of the FSH. From the Sl1 response, 
it is evident that the FSH is well matched to the circular waveguide. The -15dB 
frequency range varies from 14 to 17.2GHz which depicts a very good match. The 
best match is at 14.5GHz where the Sl1 value is -33dB. As a general trend for rings 
and squares, the frequency where the S 11 is a minimum (14.5GHz in Figure 2.39) 
occurs prior to the frequency of the maximum gain (15.43GHz in Figure 2.38). 
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2.8.2 Radiation Pattern measurements 
In this section the radiation patterns of both the E and H-planes of the FSH with ring 
elements are presented. Figure 2.40 and 2.41 show the E and H-plane radiation 
patterns compared with a solid conical horn of the same dimensions and a circular 
waveguide. As seen from the radiation patterns it is conclusive that the ring 
elements behave as efficiently as a solid horn near the resonance frequency. By 
comparison the waveguide patterns in both planes are wide. 
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The half power beamwidth for the ring elements in the E-plane and H-plane is 12.5° 
and 16.5° respectively. The narrower beamwidth indicating higher gain as seen in 
Figure 2.38. For the dipole geometries (MJ1 and MB) where the gain was 
approximately 12.0dBi, compared to the gain of the ring element geometry of 
19.9dBi [11]. For a solid conical horn of the same dimensions the gain is 21.6dBi. 
Table 2.3 tabulates the performance of the FSHs described in this Chapter. 
Specifications Transverse Cross Square 
Dipoles dipoles dipoles loops Rings 
gain (dBi) 11.84 12.31 15.0 21.1 19.9 
resonance frequency (GHz) 15.28 15.5 15.25 15.48 15.43 
Sll at resonance (dB) 
-23.0 -11.0 -7.45 -30.0 -22.5 
3dB bandwidth % 5.5 12.9 7.86 14.19 13.39 
-3dB beamwidth (deg,) E-plane 42,0 30.0 23.5 11.5 12,5 
-3dB beamwidth (deg,) H-plane 59.0 15,0 16,0 12.8 16.5 
Table 2.3 Horn Specifications 
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2.9 Conclusions 
To summarise, in this chapter the measured radiation patterns, frequency responses 
and S 11 results for three different horns were presented. The work presented in this 
Chapter introduced the Frequency Selective Horn (FSH) antenna. A FSH antenna is 
made by forming a flat sector into a shape of a cone. The advantage of a FSH to that 
of a conventional solid horn is the ability to control the frequency of operation of 
the horn. Unlike a solid horn, where the horn can be made to operate throughout all 
the frequencies in a band, a FSH can be made to work at a desired frequency band. 
The desired frequency depends on certain parameters; namely, the element type 
(rings, tripoles, dipoles, square loops) and the element dimensions (lattice 
dimensions, thickness of the substrate to name a few). 
The first of the dipole array FSHs designated MIl, has a maximum gain of 
11.84dBi at 15.280Hz at position A. The return loss measurement at this frequency 
is less than -15.0dB suggesting a good match between the antenna and the circular 
waveguide. The narrowest radiation pattern was at the resonance frequency as the 
maximum power is reflected from each dipole to give a more directive beam at this 
frequency. Due to the aperture field configuration, the E-plane radiation patterns are 
narrower than the H-plane throughout the measured frequency range of 12 to 
180Hz. The half power beamwidth of a solid conical horn of the same dimensions 
in the E-plane was 12.5° in comparison to 42° for MIl in the E-plane. In the H-
plane the solid horn -3dB beamwidth is 16.5° as opposed to 59° for MIl. 
The next FSH described in the chapter is the transverse dipole array, designated 
MJ3. This FSH is formed by rotating the dipole geometry in MJI by 90°. This gives 
rise to an interesting frequency response. Three distinct regions are identified. 
Namely, a surface wave region, a leaky wave region and finally the guiding region. 
The maximum gain of 12.31dBi from MJ3 in the guiding region occurs at 15.50Hz. 
The antenna is not well matched at this frequency as the Sll is below the benchmark 
level of -15dB. 
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Re-radiation within the FSH that is evident from the high side lobe levels in both 
planes in the radiation pattern measurements. Due to the transverse dipole geometry 
of MJ3, the H-plane radiation patterns are narrower than the E-plane. The -3dB 
beamwidth in the E-plane at resonance is 30° compared to 14° in a solid horn at 
resonance. In the H-plane the main lobe has the same -3dB beamwidth as a solid 
horn of 15° although in the FSH high side lobe levels swamp the main lobe. 
As in the transverse dipole array geometry the cross dipoles exhibit three distinct 
regions in the frequency response. Though the gain is higher in the case of the cross 
dipole geometry. This is due to the fact that both arms (dipoles) of the cross dipole 
elements contributing towards the gain. The difference in the gain between the 
horns is 2.69dBi. 
The FSH consisting of square loop elements gave the highest gain compared to all 
the horns presented in this Chapter. The maximum gain at the resonant frequency is 
21.1dBi. The radiation patterns at the resonant frequency is similar to that of the 
solid horn. The half power beam widths in the E and H-planes are 11.5° and 12.8° 
respectively. A very good match is also observed between the FSH and the open-
ended waveguide. Thus, the square loop array geometry provides a frequency 
selective horn antenna similar in performance to that of a solid at the resonant 
frequency. 
Lastly, the ring array geometry is introduced. The performance of the antenna is as 
good as a solid horn of the same dimensions at the resonant frequency of the FSH. 
The maximum gain is 19.9dBi compared to 21.6dBi of a solid horn. The resonance 
frequency is at 15.43GHz. The 3dB bandwidth of the ring array geometry 13.39% 
compared to 14.19% for the square loop array, 15.S%(MJI), 12.9% (MJ3) and 
7.86% for the cross dipole array (MI5). The antenna is well matched to the 
waveguide. The half power beamwidth in the E and H-planes is 12.5° and 16.5° 
respectively. 
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CHAPTER 3.0 
ANALYSIS OF THE CONICAL FSH 
3.1 Introduction 
In this Chapter, the analysis of a finite curved FSS consisting of metallic elements is 
presented. The analysis for a finite curved metallic structure was first developed by 
Y.W. Chia [1,2,3] in 1993 and has been adapted and modified here for analysing the 
FSH. In Chia's work a rigorous analysis of the finite curved FSS is obtained by 
using quasi-static electric field integral equation (EFIE) formulation for thin 
cylindrical metallic structures. EFIE's have been used in the past to solve 
electromagnetic scattering problems in wire antennas [4-9]. The problem is solved 
by applying the method of moments (MoM) technique. The EFIE analysis was used 
by Popovic [10] for a dielectric and fenite coated antenna and was later developed 
by Chia for dielectric coated metallic elements on a conical FSS. Chia also 
developed a quasi-static EFIE formulation to model a conical FSS radome with 
aperture ring elements [1,11,12]. The code was modified by the author to cater for a 
FSH consisting of a polar array dipole geometry. The model takes into account the 
finite size of the FSH and the curvature of the surface. 
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Metallic dipole elements on a FSH were formulated using the EFIE and solved by 
the MoM are presented in [13-17]. The analysis takes into account the finite dipole 
geometry, the curvature and the mutual coupling between all the elements on the 
conical surface. 
The MoM reduces the EFIE into a set of coefficients in the form of a matrix. The 
known incident field excitation and the unknown current produces column matrices. 
The known square matrix yields the impedance terms, which corresponds to the 
coupling between the elements. The author observed that certain symmetries lie in 
the impedance matrix, which is totally dependent on the element geometry. By 
exploiting the symmetries of the impedance matrix, the computational time has been 
improved. An example of the symmetries observed in a simple dipole geometry and 
exploiting the symmetries to expedite the computational time is presented in section 
3.4.4. 
Initially, the elements are defined on a flat surface that would be effectively rolled 
into making the conical surface. In section 3.1, the geometry of the conical FSS is 
introduced. Section 3.2.1 deals with defining the positions of the elements on a flat 
planar sector. The transformation of the positions of the elements from a planar to a 
conical surface is described in section 3.2.2. Having defined the positions on the 
surface of the cone, the element positions are then defined with respect to the feed 
co-ordinate system. 
Section 3.3 introduces the analysis of the FSH. Section 3.4 describes the original 
formulation of the EFIE in terms of its scalar and vector potential sources. The 
dielectrically supported metallic dipole elements are modelled here as dielectric 
coated metallic elements. Section 3.4.1 introduces the concept and in section 3.4.2 
the analysis of the quasi-static equivalent of the dielectric FSS is presented. The 
analysis starts by determining the charges present on the metallic surface and of the 
dielectric cover. Once the charges are identified, they are substituted to the EFIE. 
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The boundary conditions are then enforced on the dipole elements. The curved FSS 
elements are segmented and conformed according to their position on the cone. The 
EFIE is weighted using the MoM [18,19] and solved by the elimination method 
[20]. Section 3.4.4 explains the elimination method for solving the matrix system. 
Exploiting the symmetry of the impedance matrix in order to reduce the run time is 
presented in section 3.4.4. Lastly, the radiated and scattered fields are found by 
using the surface radiation integral equation, which is discussed, in section 3.4.5. 
Finally, the summary of the Chapter is presented in section 3.5 as conclusions. 
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3.2 Geometry of the conical FSS 
In this section, the geometry of the Frequency Selective Horn (FSH) is presented. 
Since the problem is of a complex nature, the simplest form of elements, namely 
dipoles, have been used for the study. Dipoles have a very elementary geometry and 
are straightforward to compute. They can also be constituents of more complex 
element geometries such as tripoles, and square loops. 
3.2.1 Defining the positions on a planar surface 
Initially, the positions of the elements are defined on a flat surface (x.,y.) , are then 
transformed into surface co-ordinates (x" y" z,). By defining the elements initially 
on a flat array, elements that fall outside the dimensions of the flat sector are 
eliminated, i.e. only full-length elements that fall within the perimeter of the sector 
are considered. Figure 3.1 shows a Polar dipole geometry. 
yb 
" 
" " ,/""./ " 
/',/ ",/,..... 
././". .". 
./ /' .". ,../ ,./ 
//// ,..... --
//// / --//// / ............ .-/" /'.,.,,/,... .".. ..... /.;"'.:::,." ........... / _...... --
/':: /. -::::.,.,.,- ...... - -%~;:;:::,,..,,,,.- --- ---%~//---- ....... -- --::;::;:;;..--:~/ ....... -- -- ---~ .~~~~~--=-------:::::;;..-'------xb~;'::~::::::----=------O~~=========------­~~~~===---------~;::::.:::---------f!§s;: : .; : :-=::-_-- ----
:s: §§s ......... r. - --_ ---_ ~ S -.....:'" b""'" -- -_ --~'''''''' ..... - -- --~ .............. ....... _--- -- --~.;::..;::. .... .l' xb.,' "h'} - - -
" ............. l-...::: ,/~ -_ 
" ................................................. ....... 
...... ........................................ - ........ 
" ......................... ....... 
-8 
xb'=rcos$} 
yb'=rsin(l3} 
" .................. ........ 
......................... 
............. ...... "-
" .... .... 
" " ......... 
..... 
Figure 3.1 Geometry of the planar FSS 
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3.2.2 Relationship between the local and surface co-ordinates 
As mentioned in section 3.2.1, since the conical FSS is produced by wrapping a flat 
FSS into a shape of a cone, the position of each FSS element on the conical surface 
are determined from a planar surface using a simple transformation geometry. 
Figure 3.2 shows the horn geometry with the axis definitions. 
z' y' 
x' y, 
s 
x 
z, 
Figure 3.2 Geometry of the conical FSS (the inset shows the array elements) 
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The conical surface is described by 
2 2 ( )2 2 Xs +Ys = Zs +Zh tan a e (3.1) 
r. 
where tana e = ~ . a e' Zh and re are the half angle, height and the base radius 
Zh 
respectively. The parametric equation of the cone is given by 
1. = xsxs + YsYs + zsis 
where 
Xs = ucosestanae 
Ys = usine .ranae 
and 
(3.2) 
(3.3) 
(3.4) 
u is an arbitrary constant in the range O~u~Zh and e s =tan-{~:) 
In order to evaluate the surface current on the dipoles, FSS element positions on the 
surface of the cone (x' ,y',z'), are needed in terms of the global surface co-
ordinates the following transformations are used. 
ar, ar, 
-x--
A au aes (e A . e A A) Z = = cosae cos sXs + Sin sYs - tanaezs ars ar, 
-x--
au aes 
(3.6) 
, 
The y co-ordinate was chosen to follow the rotation of a vector tangential to the 
cones cross section, namely 
= -sine sXs + cos8 sYs (3.7) 
and 
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(3.8) 
3.2.3 Feed to surface co-ordinate transformation 
After defining the positions of the cone with respect to the surface co-ordinate 
system as seen in section 3.2.2, the element positions are then circumscribed 
relative to the feed co-ordinate system (x f ,Y f ,Z f). This gives the freedom for 
the feeder to be rotated with respect to the cone. In this computer model, the feed is 
either allowed to tilt in either the Y f - Z f or x f - Z f planes. Details of the 
transformations are found in Appendix A. 
3.3 Analysis of the FSH 
Having defined the positions of the elements on the surface of the cone, the analysis 
of a curved FSS using the Electric Field Integral Equation (EFIE) and solved using 
the Method Of Moments (MoM) is described. The EFIE is formed by enforcing the 
boundary conditions on the FSS elements and can be reduced to a system of linear 
equations by using the MoM. The linear equations are solved using the elimination 
method to find the unknown currents on the elements. 
3.4 Formulation of the problem 
Each conducting element on the cone can be approximated by thin cylindrical 
segments connected at junction points to form a certain element geometry. It is 
assumed that the radius and the segments are very small compared to the 
wavelength and the wire length. Hence, only the electric currents constrained along 
the axis of each segment are considered. In reality, although a circumferential 
component exists, it will be very small compared to the axial component except at 
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antenna discontinuities. In the element geometry used for this work no such 
discontinuities occur [10]. Thus the circumferential component of the current has 
been neglected. The geometry of a 'curved' dipole segment is shown in Figure 3.3 . 
adjacent segments 
m-J 
x 
An...:..... __ ~_n_+..;;J~_7n+ J 
z 
""------y o 
Figure 3.3 Arbitrarily oriented segments of two FSS dipoles 
(for simplicity each dipole here consists of two segments) 
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-s -The scattered field E can be represented by a vector potential term A. The vector 
potential term can be defined such that V X A = jj where the magnetic flux 
jj = J.1H . Hence, 
- 1 - -H=-(VxA) (3.9) 
J.1 
Substituting (3.9) into Maxwell's curl equation V X is = - j()JJ.1H reduces to 
(3.10) 
which can also be written as V X [is + j()JA] = 0 (3.11) 
- -From the vector identity V X (-ViP) = 0 and (3.11) it follows that 
is + j()JA = -Vrp or 
where the vector potential is, A = J.1o f l(s)sg(R)ds 
4n segment 
and the scalar potential is, 
1 
rp = - f q(s)g(R)ds 
4nco segment 
(3.12) 
(3.13) 
(3.14) 
As seen from Equation (3.12), the scattered field is formulated in terms of its scalar 
and vector sources. These sources are the vector magnetic potential and the scalar 
electric potential. The two potentials can be calculated from potential integrals, 
which are solutions of the Helmoltz vector and scalar equations [9,10]. 
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In Equations (3.13) and (3.14), [Cs) and q(s) are the electric current and the 
charge per unit length on the conductor respectively .The free space Green function 
is given by, 
1 1r e - jkoR e - jkoR 
g(R) = - f R diP;:--
2n -1r R 
(3.15) 
For thin wire approximation the cp variation in the cross sectional area of the 
conductor is assumed to be constant because only a one-dimensional current along 
the axis s is considered. From the equation of continuity for the metallic conductor 
q(s) is expressed in terms of [(s) as 
-1 dI 
q(s)=-. -
JW ds 
3.4.1 Dielectric coated metallic FSS dipole 
(3.16) 
Since the width of the FSS element is usually electrically thin [22,23] compared to 
the wavelength ( < 0.05).), an arbitrary geometry can be formed by interconnecting 
thin metallic segments. The thin segment, supported by a thin dielectric layer, is 
modelled approximately as a cylindrical metallic segment with dielectric coating. 
According to the equivalent radius concept, the radius of the metallic cylinder is 
approximated to be w 14 [21,24,25,26], where w is the width of the flat segment 
and the thickness of the substrate is equivalent to that cylindrical coating. The above 
approximation is studied closely in section 4.4.4. 
The analysis to find the scattered field was first derived by Popovic [10] for a 
dielectric and ferrite coated antenna but has been applied here for dielectric coated 
metallic elements on a conical FSS. The quasi-static approximation for a dielectric 
coated antenna requires that the thickness of the coating should be less than twice 
the radius of the dipole. The permittivity of the coating should be less than 10 and is 
assumed to be homogeneous [10,25]. 
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3.4.2 Quasi-static equivalent of dielectric FSS 
As mentioned in section 3.4.1, the flat metallic dipole segment of the FSS supported 
by dielectric substrate is modelled here as a cylindrical dipole segment with 
dielectric coating. Consider a metallic dipole of radius a coated with a layer of 
dielectric with permittivity £ and outer radius p = b as shown in Figure 3.4. The 
dipole segment is assumed to be a perfect conductor with infinite conductivity and 
let the electric current flowing in the segment be I. The dipole segment is 
approximated as inner and outer cylindrical layers of polarisation charges at p = a 
and b respectively and the electric current I flowing along the segment axis in the 
inner radius. 
b 
q 
cylindrical electric 
charge and current layers 
Figure 3.4 Illustration of a metallic dipole segment with dielectric and ferrite 
coatings represented by electric charge and current layers 
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The inner cylinder of radius a and outer radius b enclose a line source in the axis 
with charge per unit length q and length L. According to Gauss's law the total 
outwards flux of the electric displacement jj over any enclosed surface in a 
dielectric medium is equal to the total free charge Q enclosed in the surface. 
Hence, fB.fids= Q 
cylindrical 
surface 
The integral in Equation (3.17) for a cylindrical surface becomes 
From Equation (3.18) one can conclude that 
D =-.!L 
p 2np 
The subscript p denotes the radial component of the flux D. 
Th I . f' Id' . E- E A Dp A q A e e ectnc le mtenslty, p = pn = -- n = n 
p 2npc: 
(3.17) 
(3.18) 
(3.19) 
(3.20) 
The influence of the dielectric coating on the electromagnetic field can be reduced 
to that of the polarisation charges and currents. The volume polarisation charges do 
not exist because the coating is homogeneous. However, at the inner surface of the 
coating the surface polarisation charges exist. 
The polarisation charge vector Pp is given by, 
(3.21) 
Substituting Equations (3.19) and (3.20) to Equation (3.21) 
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F = -.!Lfi -£ q fi = -.!L(1- ~)fi 
p 2np 0 2np£ 2np £ r 
(3.22) 
Therefore at the inner radius p = a , the polarised charge vector Fa is, 
- q ( 1)~ Pa =-- 1-- n 2na £ r (3.23) 
Similarly, at the outer radius p = b 
- q( 1)~ Pb =- 1-- n 2nb £ r (3.24) 
The polarised charge per unit length q a at p = a is, 
qa = fp. .(-ii)dSc =] q (l-~)ii.(-ii)adtP 
cylindrical -1r~ Er 
circumference 
(3.25) 
It should be noted that the surface integral over the surface S in Equation (3.25) 
reduces to a line integral over the circumference Se because of the charge density 
q. 
Since the dielectric enclosed a line charge per unit length of q at p = a , the total 
, 
charge density q a at p = a is the sum of q and the polarised charge density q a . 
(3.26) 
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Similarly, for the polarised charge density qb at the outer radius p = b, the nonnal 
vector fi is pointing outwards. Hence, 
% = fPb .(fi)dSc = J q (l-~)ii.(fi)bdr/> 
cylindrical -1& ~ er 
circumference 
=(l-~)q =(1-~)( ~1 dI) 
er er jOJ ds 
(3.27) 
The coating can now be removed together with the wire segment. The charges q a 
and qb imagined to be situated in a vacuum. Within the cylinder of radius p = a 
the electric field due to all these sources must be zero. If the extended boundary 
conditions [27], are applied the total electric field is computed along the segment 
axis, where the electric field due to the radial polarisation current is zero. 
From the extended boundary conditions 
(3.28) 
Where E i denotes the incident electric field and E S the scattered field. s is the 
surface tangential vector. 
substituting (3.12) into (3.28) yields 
E- i ' • A-' V- '" ' .S = jOJ .S + '/'.s (3.29) 
The EFIE in Equation (3.29), can be solved by using the Method of Moment 
solution (MoM). The method of moment solution was first used by Harrington 
[18,19] to analyse electromagnetic problems in the 1960's. The procedure is also 
known as a Matrix Method because it reduces the original functional equation into a 
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matrix equation. Equation (3.29) is a typical EFIE where the excitation from an 
incident field of a known magnitude and phase produces a current I which needs to 
be determined. 
The unknown current, I, can be expressed as a set of basis functions over a certain 
domain. The domain is the area or the length where the current flows which can be 
categorised into three main subsections; a sub-domain, an entire domain and an 
almost entire domain functions [24]. This problem is defined as a sub-domain 
function, i.e. each dipole is subdivided into segments and the current flowing across 
each of these segments within a dipole is calculated. The geometrical curvature of 
the cone is taken into consideration when defining the currents across each segment. 
The electromagnetic coupling between segments is represented as a linear system of 
coefficients in the form of a linear square matrix. The solution to this system has 
been obtained by using the elimination method. 
The EFIE in Equation (3.29) is first weighted using pulse based functions. If the 
testing functions are the same as the basis functions the MoM reduces to what is 
known as the 'Galerkin' method. This method has the advantage in solving EFIE 
where, it produces a complex symmetric matrix. Consequently the memory storage 
required is half of that required for the non-symmetric case. The current pulses are 
located across the junction of each segment [8,25]. See Figure 3.5a. The electric 
charge pulse functions are shifted by half a segment length, as shown in Figure 
3.5b, due to the derivative dependence on the current. 
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current pul es 
segments of a dipole 
Figure 3.5a Current pulses at the junctions of segments 
charge pulses 
segments of a dipole 
Figure 3.5b Charge pulses on segments of a dipole 
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The pulse function is defined as 
Pm (S) = s for s 1/ < s < s 11 
m-72 m+12 
= 0 otherwise } (3.30) 
Since the segments are located on the cone in a three dimensional nature, their 
positions are defined by a vector fn (n = 1,2,3, ........... N), which spans from a 
global origin in a Cartesian co-ordinate system to the end of each segment, as 
shown in Figure 3.3. Where N is the total number of position vectors to each end of 
a segment. 
The unit vector along the axis to the centre of each segment is 
(3.31) 
Initially, the incident field jfi, in Equation (3.29) is weighted by the pulsed based 
function Pm (S) such that 
(3.32) 
(3.33) 
= jfi .(s 11 - S J/)S 
m+72 m-12 
(3.34) 
(3.35) 
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metallic dipole 
segment 
s 
Chapter 3 
p 
Figure 3.6 Geometry of the conical FSS and the model of a dielectrically loaded 
metallic segment 
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Similarly weighting the vector potential term in Equation (3.29) with the pulse 
based function Pm (s) yields 
fSm+YzjroAPm(S)dS=jroA(r 1/-r 1/) sm-Yz m+12 m-IZ (3.36) 
The scalar potential term in Equation (3.29) is weighted as follows, 
(3.37) 
As seen by Equation (3.37), the derivative nature of the scalar potential term has 
shifted the centre of the charge pulse to m + ~ and m - ~. 
Hence the EFIE in Equation (3.29) now becomes, 
(3.38) 
Now to analyse the current flow across the junctions of the segments in Figure 3.6 
(for instance at the nth junction), using the vector potential term in Equation (3.13) 
gives 
A = }lo f /(s)sg(R)ds 
4n segment 
(3.39) 
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now if we define 
and 
Sn+Yz 
al{l(m)nn+Yz = f (Ra)d g mn S 
Now from Equations (3.14) and (3.16) 
1 
the scalar potentialtenn I/J = f q(s)g(R)ds 
41r1:: 0 segment 
-1 dI 
and the charge q(s) = -.---
jOJ ds 
for the metallic segment. 
Chapter 3 
(3.40) 
(3.41) 
, 
So the charge across a junction n taking into the polarised charges q a and qb in 
Equations (3.26) and (3.27) is 
q~ =~( ~1 dI) 
er jOJ ds 
qb =(1_~)(~1 dI) 
er jOJ ds 
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Substituting to one of the scalar potential terms in Equation (3.38) and taking into 
, 
account both the polarised charges q a and q b 
= _1 (~1 dI)[f_1 g(Ra l/)ds+f(l-~Jg(Rb l/)dS] (3.44) 
4neo jOJ ds er m+12 er m+12 
(3.46) 
= -----'!..In_ ~[aV/(m+ ~rl 
jOJ4neo er sn+l - sn 
{l- e1J[ 'vr::~~F' 'vr~~:~::_,] (3.47) 
Similarly, the other scalar potential term in Equation (3.38) gives 
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Where, 
PlfI(m+ 1/)n+l =fSn+1 g(R 1/ I1)dSP 72 n Sn m+72,n+72 (3.49) 
PlfI m+ = n g R dsP ( Yz)n fS ( ) 2 n-l Sn_1 m+~.n-~ (3.50) 
(3.51) 
PlfI m- = n+lg R dsP ( Yz) n fS ( ) 2 n-l Sn_1 m-~,n-~ (3.52) 
p denotes the radius a and b. 
now substituting Equations (3.42), (3.47) and (3.48) into the weighted EFlE in 
Equation (3.38) gives, 
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jW/lo I [ ()n A + ( )n+ Yz A ] (- -) 4n n IJf m n-YzSn-Yz IJf m n Sn+Yz· rm+Yz -rm-Yz 
+-jw---,:n-'-ne-, I el, [ "~~:~ ~F' "~~~:~::-,] 
{ 1 - :J['~~:~ ~!:.' b~~~: ~::-, 1 
"~~~~~::-,] [ a ( _ lI)n+! 1 IJf m 72 n er Sn+! -Sn 
+(l_..lJ[blJf(m-~rl blJf(m-~L!l 
er sn+l -Sn sn -Sn-l 
(3.53) 
Equation (3.49) can be expressed in matrix form as, 
(3.54) 
where 
Ym = Ei .(r 11 - r 1/) m+ 72 m-72 (3.55) 
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+~[ er avr(m+ ~rl + avr(m+ ~Ll (Sn+l -Sn) (Sn -Sn-l) 
(3.56) 
[In] and [Ym] are column matrices of the unknown current and excitation due to 
the incident fields respectively. m and n=1,2, ......... N· where N' is the total number 
2n 
of current pulses. kO = T' [Amn] is a square matrix that includes the coupling 
between the FSS segments with the leading diagonal consisting of the self coupling 
terms. 
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3.4.3 Elimination Method 
The matrix Equation (3.54) is solved using the elimination method by using Crout's 
factorisation with partial pivoting [20]. Each variable in the matrix is eliminated one 
at a time so that a triangular matrix of coefficients is obtained. These coefficients 
are substituted back into the triangular matrix in order to obtain a solution. This is 
readily available in the NAG library Mark 13 version of the subroutine FOADF [28]. 
Since Galerkin's method gives a complex symmetric matrix for the EFIE, others 
like Canning [29] have solved it by exploiting the symmetry with half the storage 
and computation time. The geometry for this model has a certain degree of 
symmetry namely, left to right, top to bottom, which has been efficiently used to 
speed up the computational time as described in section 2.2.3. 
3.4.4 Exploiting the symmetries 
Since the impedance matrix is symmetrical about its leading diagonal, one can use 
this characteristic to improve on the computational time. It was seen that the 
program takes 45 minutes to run for a single frequency on a SUN SP ARC II station 
for a conical horn with 228 elements without taking advantage of the symmetries 
available. A 50% decrease in the run time can be achieved by simply optimising the 
code so that the symmetries are used to improve the filling in time. For a dipole 
array (horn design MJI) shown in Figure 3.6, it is clear that the one half of the cone 
is identical to the other. Hence, by only calculating the impedance of the elements 
from one half of the cone and duplicating it to the others a reduction in 
computational time can be achieved. As an example, a very smaII horn consisting 
only of 6 dipole elements is presented. The dipoles are arranged such that 3 
elements are on one sector (top) of the cone and the other three on the bottom. The 
currents on the dipole are represented by just one current pulse for simplicity. 
Therefore the size of the matrix is 6 x 6. The impedance matrix produced to find 
the unknown currents for this horn is shown in Figure 3.7 
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axis of symmetry 
Figure 3.6 Flat array dipole geometry of MJI 
@ @ 
[(17.2 , . 4 (.2.357,3.663) J [( ·1.566,·6. 762) (.2.838,2.928) (0.517,3.205) J 
( .2.542,.6.621) (.2.542,.6.621) • (.2.840,2.920) (.0.089,3.792) (.2.840,2.920) 
( .2.357,3.663) 
. 9.934). (0.517,3.205) (.2.838,2.928) (.1.566,.6.762) 
[(.1.566,.6.762) (.2.838,2.928) (0.517,3.205) H(17.21, . .2.542,.6.621) (.2.357,3.663) J 
(.2.840,2.920) (·0.089,3.792) (.2.840,2.920) . (.2.542,.6.621) (17. , 3 ( .2.542,.6.621) 
(0.517,3.205) (.2.838,2.928) (.1.566,.6.762). (.2.357,3.663) (.2.542,.6.621) 1. , 934) 
© @ 
Figure 3.7 Example of an impedance matrix for 6 dipole element MJI geometry 
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Each element in the matrix corresponds to the impedance due to individual 
segments of a dipole. The leading diagonal term (17.217, 19.934) designates the 
mutual coupling terms. Each of the other entries on the matrix corresponds to the 
coupling between segments. They could be adjacent segments of the same dipole or 
of any other segment within the geometry. For a horn consisting of dipole elements 
as shown in Figure 3.6 the following symmetries can be observed. The impedance 
matrix Amn is made up of 4 square sub-matrices A, B, C, D (each of them 
symmetric about their leading diagonal). Sub-matrix A is identical to D and B to 
C. Thus by finding the scalar and vector potential terms in Equation 3.56 for either 
the top or the bottom sector of the cone, the total matrix Amn can be efficiently 
calculated by duplicating the appropriate sub-matrix pair. Thereby saving in the 
filling in time by 50%. 
3.4.5 Radiated and Scattered fields 
The radiated fields from the FSS cone can be computed from the surface radiation 
integral equation with the surface electric and magnetic current sources enclosed by 
a closed surface around the cone and the feed system. As shown in section 3.4.2, 
the electric current on each metallic dipole can be calculated from the solution to the 
EFIE formulation. The total radiated field is the sum of the fields generated from 
the dipoles for a free standing curved FSS and the feed aperture regions. However, 
for a dielectric FSS it is a complex problem to determine the current sources in the 
dielectric region. Hence, the total field is approximated as the sum of both scattered 
fields from the dipoles and feed aperture fields. 
For the conducting segments, the scattered field at a distance rn from the centre of 
each current pulse to a receiver feed is given by Equation (3.12) as a sum of the 
magnetic vector potential and the electric scalar potential terms. 
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where n = 1,2,3, .. N' (N' is the total number of elements) and 
h h . I' A- flo f I A (r )d were t e vector potentIa IS, = - nsg n S 
4n segment 
and the scalar potential is, l/> = 1 f q(s)g(rn )ds 
4ne 0 segment 
but at the centre of each current pulse the charge is zero (see Figure 3.5b). Hence, 
(3.57) 
f I n Sds (3.58) 
segment 
(3.59) 
- } 'f1.0 n I S s - s + I s s - s - '0) e-jkor [ ( ) ( )] 
- 4n rn n n-Yz n n-Yz n n+Yz n+Yz n (3.60) 
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Therefore, the total scattered field from the FSS cone is the sum of all the individual 
scattered fields from each segment given by, 
n=N' 
Escat = ~ Escat(r ) 
cone L.J n 
n=1 
Hence the total radiated field from the FSH is given by 
- - -scat 
E total = E teed + E cone 
(3.61) 
(3.62) 
where E teed is the fields radiated from the feed aperture. The calculation of E teed 
is presented in detail in Chapter 4. 
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3.5 Conclusions 
In this Chapter, the analysis of a finite curved frequency selective horn was 
presented. A planar to surface transformation was initially used to define the 
positions of the elements on the cone. In order to relate all the elements on the cone 
with respect to the feed, the positions of the elements were then defined with respect 
to the global feed co-ordinate system. 
The flat metallic elements printed on a dielectric sheet were modelled as a 
dielectrically coated metallic dipole. The radius of the metallic equivalent is taken 
to be quarter of the width of the flat element. Although the above approximation 
and the thickness of the dielectric coating was merely stated in this Chapter, a more 
detailed study of varying the dielectric thickness and the conductor radius is detailed 
in Chapter 4. 
A quasi-static approximation with the EFIE formulation was used to model and 
solve the conical FSS with metallic elements. Initially, the scattered field was 
defined as the sum of the magnetic vector potential term and the electric scalar 
potential term. The coupling between all the metallic elements was accounted for 
when formulating the impedance matrix. The system was solved by applying the 
MoM and using the elimination method to invert the matrix with the aid of a NAG 
routine. 
Certain symmetries of the impedance matrix were exploited in order to speed up the 
filling in time and the computational time. It was seen that the scattered field was 
easily found once the current on each segment was known. The scattered field at a 
distance was obtained by summing up individual fields from each dipole and the 
aperture feed field at a given distance. 
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CHAPTER 4.0 
SIMULATED AND MEASURED RESULTS 
4.1 Introduction 
In this Chapter, the simulated and measured results of a FSH consisting of a polar 
dipole geometry is presented and provides the authors main contribution in this 
work. The polar geometry provides a more symmetrical horn than the dipole FSH 
geometries discussed in Chapter 2. The author modified the model in order to cater 
for a polar dipole array geometry. Initially, a smaller FSH consisting of 184 dipole 
elements was designed. Since the small horn utilised far less time to compute it 
provided the perfect platform to compare the model with the measurements and 
carry out parametric studies. Having found the best input-parameters (within certain 
guideline) to fit the measured results, the same parameters could then be used to 
model a bigger horn. 
Firstly, in order to transmit incident electromagnetic waves to the FSH, a circular 
feed is used. The first part of this Chapter (section 4.2) deals with the analysis of the 
circular feed. The analysis was first developed by Y.W Chia [ll, and has been 
adapted here for completeness. In order to model the feed, the circular feed aperture 
is discretised into small patches. 
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A rigorous evaluation approximates the near field of the horn by using a 
superposition of point sources (SPS) and adopting the Stratton and Chu formulation 
to find the far field. The patches are small enough so that the aperture fields do not 
vary within each patch. A very good agreement between the measured and the 
simulated results obtained for the radiation pattern are presented. 
Section 4.4 introduces the polar dipole array geometry. In section 4.4.1 the physical 
dimensions of the smaller horn consisting of 184 elements and the larger horn (448 
elements) are tabulated. 
As mentioned in section 3.4.1 the flat metallic elements printed on a dielectric sheet 
are modelled as dielectrically loaded dipole elements. The amount of dielectric 
loading and the radius of the cylindrical dipole has an immediate effect on the 
resonance frequency of the FSH. Section 4.4.2 first introduces the reader to the 
design parameters used. In section 4.4.3 the effects of changing the dielectric 
loading on the resonance frequency and the radiation patterns is demonstrated. In 
order to model the flat copper conductive strip as a conductive cylinder a well-
documented concept of the equivalent radius is used. The effects of changing the 
equivalent radius and as a consequence changes in the E and H-plane radiation 
patterns are presented in section 4.4.4. The effect of changing the periodicity is 
discussed in section 4.4.5. 
The EFIE defines the electromagnetic scattering from the dipole elements. The 
unknown currents on the dipole elements are found by transforming the EFIE into a 
matrix system and solved by using the MOM. In this study, linear pulse based 
functions are used as the current functions. The effect of changing the number of 
current elements in each dipole in order to carry out a convergence test is described 
in section 4.4.6. The effects changing the number of current elements from 5 to 29 
on the frequency response is also discussed. Also the CPU time taken and the 
memory used for the above mentioned computations are presented. 
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The simulated results of the frequency response and the radiation patterns are 
compared with the measurements in sections 4.4.7 and 4.4.8 respectively. Results 
for both the small and the larger horn are presented. The radiation patterns of the 
open-ended waveguide and those of a solid horn are compared with the patterns of 
the FSH at the resonance frequency. Finally, the current distribution on the surface 
of the horn is presented in section 4.4.9. 
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4.2 Analysis of the feed system 
As mentioned in Chapter 3, in this section, the analysis of the incident field from the 
feed aperture is presented. In order to model the feed in terms of the surface co-
ordinates a three-dimensional transformation is required. This transformation is 
presented in Appendix A in more detail. The analysis of the feed was first 
developed by Chi a [1]. To model the fields from the circular feed, the feed aperture 
is initially subdivided into small patches in a polar grid co-ordinate system as shown 
in Figure 4.1. It was assumed that the patches were small enough such that the 
aperture field does not vary within each patch. A rigorous evaluation approximated 
the near fields of the feed using a superposition of point sources (SPS), from its 
aperture fields. 
p 
t sources 
Figure 4.1 Polar Grid co-ordinate system for the SPS model 
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The derivation for the near field is obtained from the Stratton and Chu formulation 
[2]. The radiated fields at an observation point P, from finite fictitious electric 
current source (J mn) and the magnetic current source (M mn) bounded by a 
surface is given by the Stratton Chu formulation below. The expressions for the 
aperture fields are 
(4.1) 
(4.2) 
where 
1 (4.3) 
(4.4) 
(4.5) 
and'mn is the distance between the current sources and P along the vector fmn as 
shown in Figure 3.1 such that 'mn = Ifs - 11. r. is the position of the observation 
point with respect to the feed co-ordinate system and 1 is the position of the current 
source. 
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The integral over the area S is reduced to small patch of area Amn such that the 
current distribution across the patch is constant. Thus by adding the fields due to all 
the discretised patches within the feed aperture the near field of the feed is 
modelled. 
The electric current source J mn = Z f X ii mn and the magnetic current sources 
M mn = -Z f X Emn are found from [3] in x f and Y f co-ordinate system to be 
. k M~n = ]110 0 (J 2 (r) sin(21/») 
2a! 
where 110 = 120n and ko = 2%. 
(4.6) 
(4.7) 
(4.8) 
(4.9) 
For the TEll mode, a! = 1.841/ where r! is the radius of the feed aperture and Ir! 
J n (r) refers to the Bessel function of the first kind and order nand r = a! X r 
(where r' is the distance to the current sources from the origin as shown in Figure 
4.1). 
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4.3 Simulated and Measured radiation patterns of the feed 
In this section. the simulated and measured results of the feed are presented. The 
feed was measured in an anechoic chamber. A rectangular to circular transition 
supporting the TEll mode was used to launch the EM fields to the circular feed. 
Figures 4.2 and 4.3 show a comparison of the measured radiation patterns at 14 and 
150Hz. From the radiation patterns it is apparent that the E-plane patterns are 
broader than the H-plane patterns for a given frequency. This is true for most cases 
for feeds with smaller diameter [3]. For feeds with larger apertures the E-plane 
patterns are narrower than the H-plane patterns. The crossover occurs for 
2r[ = 0.9611.0 , Where Ij is the radius of the feed aperture and 11.0 the wavelength of 
the principle frequency of operation. 
As seen from Figures 4.4 and 4.5 the measured and simulated results agree well 
with each other. A very good agreement is observed specially upto 40°. The 
difference is less than 1.0dB at 60°. It was also seen that by increasing the radial and 
polar divisions in the SPS model described in section 4.2 there is no change in the 
simulated feed radiation patterns. Table 4.1 summarises typical dimensions of the 
open-ended circular feed and other parameters used in the model. 
Feed Parameters Description Typical Value 
r1 feed aperture 7.5mm 
rd.t/Jd SPS feed divisions 9.00.17.00 
If/1.lf/2 feed orientation 180.00°,0.00°. 
I operating frequency 12.00-18.000Hz 
d1 phase centre distance 1.285m 
Table 4.1 Feed aperture parameters 
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The radius of the feed aperture, which is also the size of the waveguide input, is 
denoted by r. The parameters rd' if> d represent the number of radial and polar 
divisions the feed aperture is sub divided in the SPS feed model as described in 
section 4.2. A parametric study was carried out in order to observe the changes in 
the radiation patterns when either of rd' l/J d were changed. It was evident from the 
study that, the change in the response was less than O.ldB at 60° when the polar 
divisions (l/J d) are changed from 5 to 209. Also, by changing the radial divisions 
(rd)' from 5 to 205 the change in the radiation patterns is again less than O.ldB at 
60°. The feed can be rotated by changing the angles l/f 1 and l/f 2 in the x, - z, and 
y, - x, respectively (the axis definition can be found in section 3.2.2). The 
operating frequency varies between 12 to 180Hz and the frequency step used was 
every 500MHz. The distance between the phase centre of the FSH and the receiving 
antenna is d I . 
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4.4 Polar Dipole Array (MJ2) 
A horn design, consisting of a polar dipole array geometry is presented in this 
section. The dipoles were arranged such that they are periodic in r' and () as shown 
in Figure 4,6. The polar dipole geometry gives a better response in the E-plane as 
opposed to the transverse dipole geometry (MJ3) that gave narrower patterns in the 
H-plane discussed in chapter 2 section 2.5, 
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4.4.1 MJ2 Horn Geometry 
The model was modified so that the positions of the elements were defined in xb 
and Yb co-ordinates as seen in Figure 4.6. Hence, a file containing the positions of 
the elements (centre position of the dipole) defined on a flat sector could be read 
straight into the program. The periodicity in fJ is 2.85°. The angle f3 varies from -
20.1° to +20.1°. 
Figure 4.6 MJ2 horn geometry 
97 
Simulated and Measured Results Chapter 4 
Two different types of horn antennas of the same geometry were designed. The 
larger of the two horn designs (MJ2L), consists of 448 dipole elements and a 
smaller horn (MJ2S) consisting of 168 elements in total. The dimensions of both 
designs are presented in tables 4.2 and 4.3. For the MJ2S design, 6 sets of 28 
elements are arranged radially with an arc angle between the elements of 2.85°. The 
MJ2L design consists of 16 sets of 28 elements arranged radially with a similar arc 
angle to MJ2S. The smaller FSH was developed in order to make the run time in the 
simulations faster since it comprised of fewer elements. Thus, the small horn was 
utilised as an ideal model to find the optimum currents functions, dielectric 
thickness and conductor width to be applied for the larger horn. 
Horn Data Variables Description Typical Value 
dr cone radius 44.00mm 
LT cone slant length 194.00mm 
rl horn aperture 7.50mm 
Le horn slant length 160.00mm 
H horn height 156.74mm 
a horn semi-flare angle 13.10°. 
Table 4.2 Horn Dimensions of MJ2L 
Horn Data Variables Description Typical Value 
dr cone radius 22.65mm 
LT cone slant length 100.00mm 
rl horn aperture 7.50mm 
Le horn slant length 66.88mm 
H horn height 65.14mm 
a horn semi-flare angle 13.10°. 
Table 4.3 Horn Dimensions of MJ2S 
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4.4.2 MJ2 Design Parameters 
As mentioned in Chapter 3, the thin metallic dipole strip supported by a dielectric 
substrate layer was modelled as a cylindrical metallic segment with a dielectric 
coating. The radius of the metallic cylinder is approximated to be ~, where w is 
the width of the flat metallic dipole. The above approximation is well documented 
[4,5,6,7]. 
Figure 4.7 shows the approximation of the flat printed element to a circular cross 
section with dielectric coating. In section 4.4.3, a comprehensive study of the effects 
of changing the diameter of the copper conductor (2Rt ), the thickness of the 
dielectric material (s), periodicity (d) and the number of segments (ns ) are 
presented. By changing the above parameters in the model, variations in the 
frequency response and the radiation patterns were observed. 
-W->< 
i---d 
thin flat strip on a 
dielectric substrate 
2~ 
cylindrical model 
of dipole/substrate 
Figure 4.7 Reduction of a flat printed element to a circular cross section with 
coaxial dielectric cover 
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4.4.3 Effects of changing the dielectric coating 
In this section the effects of changing the dielectric thickness (s), on the frequency 
responses and the radiation patterns investigated. The amount of loading on the 
dipole is dependant on the variable s. As seen from Figure 4.8, as s is increased, 
the resonance frequency shifts to the left. Here, the effects of changing the dielectric 
thickness on the horn MJ2S is presented. 
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Figure 4.8 Frequency response of MJ2S : effects of changing S 
As seen from the above Figure, at S = O.025mm, the resonance is at 15.5GHz in 
comparison to 15.0GHz when s=O.lmm. The resolution in the frequency axis is 
every O.5GHz. It is also interesting to note that when s is increased the gain of the 
FSH increases thereby making the radiation patterns narrower (see Figure 4.9) for 
the latter substrate thickness. Sharaiha and Terret [8] shows that when the substrate 
thickness is increased the impedance is decreased which increases the capacitance. 
An increase in the capacitance results in lowering the resonance frequency. 
lOO 
Simulated and Measured Results Chapter 4 
... 
o ";"'j'" ···~···;···i··· ... "::.:.;i~~~1Ii;,;:; 
.. , .. 
.. ., 
., ,., 
., ... 
" '" .. "' .. , ...... , ....... , .. . 
" '" . , , , 
.. ., 
" ,., . , , , 
" .' ,. ,. ".," 
" " . , , , , 
••• ,_. •••• ••••• •••••• • •• ~ ••••• , ••••• • •• h ••• h •••• , ••••••••••• 
:' ':.,." .. ,'" -10 
"1"'; ..: ·T·j······+····L ....................... 1- •• : •••• 
: :::,:::...... .. 
·"!.:i::TILLi·T·: 'rIJJ:T:rr: :rr.,:: .. -20 
. . . . , ., ". 
, , . , , .. '" 
: . . : . : -- s = 0.025mm :: :::. 
-30 .,: : ... : ... : ... : ... : ... ~. -.- s = O.045mm ~ ... ~ ..... ~ .. -.: .... : .. ~ ... 
! ! ! ! i ! ! -+- 6 = 0.1 OOmm !! !!!! 
•. -1-" i'" i'" i-" i'" i"'~"'~"'~"'~'" ';'" ':"" 'r"'~' . 'r"'~"'~"':'" ... i'" i'" i'" i'" 
: : : : : : : : : :: ::::': :: : 
, . . . . .. ... .... . .. . 
, .. , ... , . . .. . .. . 
-40 
, . : . : .: :.:':.:. . .: : 
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 
angle (deg.) 
Figure 4.9 E-plane radiation patterns oJ MJ2S at 150HzJor different s 
As general rule of thumb, in order to find s, an equation developed by Popovic 
[8,9,10] was used. A flat strip of width w, printed on a dielectric substrate is 
reduced to a circular cylindrical cross section wire (radius RI) with a coaxial 
dielectric cover (radius R2 ) as shown in Figure 4.7. Where 2RI represents the 
diameter of the cylindrical dipole in the model and R2 - RI = s . 
To determine R2 Sharaiha and Terret [8] developed a simple method based on 
quasi-static energy considerations and the concept of complementary 
electromagnetic structures giving 
(4.10) 
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where C is the capacitance per unit length between two adjacent elements and d is 
chosen such that the capacitance per unit length of the two systems shown in Figure 
4.7 is identical. A typical value for d given by Popovic and Nesic in reference [9] is 
d »9 RI' As previously mentioned RI is equal to %. To find C, the 
capacitance of the system shown in Figure 4.7, is not a simple problem. Though, 
most literature exist to find the capacitance for an infinite substrate thickness 
[8,11,12,13,14,15], not many deal with the handling the finite substrate thickness. 
However, [16] presents an expression, a trial function in the Fourier domain to find 
the capacitance C, per unit length which takes into account the finite thickness of 
the substrate and hence has been adopted in this work. Numerical and experimental 
data obtained from the above reference, compares well with results obtained from 
equation (4.11). Hence, validating the trial function in (4.11). 
(4.11) 
where 
() er [e r (cosh(J3h) + sinh(f3h))] F f3 = -,----:'-------,;-----'-------'-------'---~ (e; + 1) sinh(J3h) + 2 cosh(f3h) (4.12) 
and 
f (f3) = ~ Sin( f3w) Sin( /3d) 
Q f3w 2 2 (4.13) 
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Using equation (4.11) the capacitance per unit lengthC is plotted against the ratio 
of ~ by varying h and keeping w constant is shown in Figure 4.10. The 
capacitance decreases exponentially as the ratio of ~ is increased. The width (w) 
of the copper element is kept constant and the thickness (h )of the substrate is varied 
from 0.03mm to 0.2mrn with steps of O.Olmm for d=IO.15mm and d=5.5mm. 
Equation (4.11) was solved numerically using Mathcad 8 with the above mentioned 
parameters. The upper limit of the integral of equation (4.11) converged at 
f3 = 108 . From graphs 4.10 and 4.11, it is clear that by having the elements closer 
together the capacitance increases as predicted although the change in the substrate 
thickness for the equivalent cylindrical model is negligible. 
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To find s for the equivalent cylindrical model for the case when h = 0.05mm and 
the width of the conductor w = 0.53mm the following procedure is carried out. For 
a periodicity of d = 1O.15mm and the above mentioned values of wand h using 
Figure 4.11, R2 is found to be 0.174mm. Therefore s = R2 - RI is 0.0415mm. 
104 
Simulated and Measured Results Chapter 4 
4.4.4 Effects of equivalent radius 
In this section the effects of changing the equivalent radius of the cylindrical 
conducting dipole is investigated. 
3~~----~--__ ------__ --____ --____ ~ 
....... ~ ........ : ....... ~ ........ ~ ....... ~ ...... . -.... ~~ .............................. .. 
: : : : : 
~ ~ l ! l : . . 
. . . . ! 2 ······t······~·······t······~· ... --"; -- ..... ~ ....... ;....... . ....... ': .............. . ~ ~ : ~ 
'" 
" o 0. 
..... '1'.1' ......... · .... ·, ...... ·, ...... , ...... ·:1::::::1:: .... ; ..... ,. 
i ... 2Rl ~ 0.1 OOmm 
, ... 2Rl ~ 0.189mm 
.............. , ....... ; ...... ) -I- 2Rl ~ 0.265mm 
..... , ....... ! ....... ,. 
oL--L __ ~~ __ ~~ __ ~~ __ ~~ __ ~~~ 
12 13 14 15 1 6 17 18 
frequency (GHz) 
Figure 4.12 Effects of changing the conductor diameter 
As seen from Figure 4.12, as the width of the conductor is increased the resonance 
frequency shifts (decreasing in frequency). By increasing 2RJ the impedance of the 
elements is decreased. A decrease in the impedance increases the capacitance [8] 
between the elements. Thereby reducing the resonance frequency. By increasing the 
width from O.lOmm to 0.265mm the resonance frequency decreases by 140MHz. As 
seen from Figure 4.13, increasing 2RJ from O.lmm to 0.265mrn the radiation 
patterns become insignificantly narrower. The primary noticeable effect is the 
deeper nuIIs prior to the first side lobe levels when 2RJ is 0.265mrn. 
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Figure 4.13 Radiation pattern at 15GHz E-plane 
effects of changing 2R 1 
4.4.5 Effects of the periodicity 
By changing the periodicities D1 and D2 , in the directions x and y ,a shift in the 
frequency response is observed. Inevitably the frequency shift produces a change in 
the radiation patterns. By decreasing the periodicities D1 and D2 the elements are 
packed closer to each other. Thereby increasing the capacitance between the 
elements, which results in shifting the resonance frequency to a lower value. It 
should be noted that for the FSH MJ2, the angle f3 could be changed in order to 
pack the elements closer to each other. The radial periodicity D1 has less 
significance than f3 for horn design MJ2 as seen from Figure 4.14. As for the 
radiation pattern predictions in Figure 4.15 the -lOdB beam width is virtually 
similar for all three periodicity's though patterns are wider for larger D1 . 
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4.4.6 Convergence test for design MJ2S 
Figure 4.16 shows the results of the convergence tests camed out for design MJ2S, 
by changing the number of segments, ns in the model. As the number of segments 
are increased the simulated response moves to a lower frequency. As an example 
increasing the number of segments from 6 to 30 moves the resonance frequency 
from 15.5GHz to 15.0GHz. However, there are limits as to the maximum number of 
segments that could be used [6], which states that 
~1~8 (4.14) 
where SI refers to the segment length and RI to the radius of the conductor. 
Although some reasonable results have been obtained for ~I ~ 2 for thin 
segments. From [6] it was evident the maximum number of segments that can be 
used was 10 for dipole with a radius of O.045mm and length B.19mm. 
Also, [6] states that the ratio of the segment length to the wavelength should be less 
than 0.1. The frequency range for the purpose of this work varies from 12 to 
18GHz. The wavelength at 18GHz (AIS)' is 0.0166m. Thus for a dipole subdivided 
into 10 segments, the ratio of the SI to AIS is comparable to be less than 0.1. 
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Figure 4.16 Convergence test for design MJ2S 
Figure 4.17 shows the memory and CPU times used for different number of 
segments. The model was run on a Cray J932 with 8GBytes of main memory. The 
32 CPU machines boasts of 200 Mflop peak performance. The total number of 
elements in design MJ2S is 168. Therefore, if each dipole is segmented into 6 
sections the number of current pulses on each of these elements is 5 giving an 
impedance matrix of 840 x 840 elements. The total memory used to invert this 
matrix is approximately 12Mb and the CPU time taken for the program to run per 
frequency is 38 seconds. Comparatively, for 30 segments (29 current pulses per 
dipole) the memory used is approximately 380Mb and the CPU time per frequency 
is 2250 seconds. For design MJ2L, with 448 elements in total, the time taken for a 
6-segment dipole is approximately 300 seconds (CPU) and 80Mb of memory is 
used. 
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4.4.7 Frequency response 
This section deals with the frequency response of the polar dipole array. Simulated 
responses are compared with the measured results for the two designs MJ2L and 
MJ2S. Table 4.4 summarises the parameters used in the model utilising the 
optimum values for the variables after the parametric study. Dr is the distance 
between the centre of each dipole element to the centre of the neighbouring element 
in the lattice geometry. The variable a ang' is the angle between two adjacent 
dipoles and the angle qJ allows the cone to be rotated in the x-y plane. Hence, 
setting the FSH orientation with respect to the incident fields. The length of the 
dipole is referred to as 1. The coated dielectric thickness around the cylinder is s 
and the diameter of the equivalent cylinder is 2Rr• And finally, the variable tanO 
allows for the substrate losses to be accounted for in the model. 
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Array Parameters Description Typical Value 
I length of dipole 8.190mm 
2Rl diameter of dipole 0.265mm 
DJ cell periodicity 1O.19mm 
aang angle between dipoles 2.85° 
qJ FSH orientation 0.00° /90.00° 
s thickness of dielectric 0.045/0.1mm 
er dielectric reI. permittivity 3.00 
Table 4.4 Array parameters 
Figure 4.18 and 4.19 shows the measured frequency response of four different polar 
dipole array antennas with respect to the open-ended wave guide. The larger FSH 
design, MJ2L, with the thicker dielectric backing gives the maximum gain of 
4.02dB at 14.7GHz. The small (design MJ2S) horn made out of the same dielectric 
thickness gives a maximum gain of 3.05dB at 14.45GHz. Comparatively, for the 
thin dielectric horn designs, the gain of the larger horn is 3.46dB at 15.45GHz and 
for the small horn, 2.58dB at 15.15GHz. 
111 
Simulated and Measured Results Chapter 4 
...... ~ ....... -! ....... ~ .............. . 
+ ..... ; ........ , ....... ; .............. . 
. . . 
...... . ~ ........ : ....... ~ ............ . 
3 ... ~ ........ ; ....... l··· 
.... , ............. . 
2 .. ~ ........ t ....... !' ....... ~ ....... i' .. . 
o I' :! ill,:' 
...... ~ ........ ; ....... ~ ... -& large horn s=O.l OOmm _ .... ; ....... ~ ........... . 
-1 
: : : G large horn s=O.045mm : : 
..... ·l···· -... ! •••.••• l··· .... -~-. -_. --.~. -.-... .... . . 
...... ~ ....... ,: ....... ~ ........ ~ ....... + ....... ~ ....... ~ ........ ~ ....... ~ ........ : .............. . 
. . 
. .,... . 
frequency (GHz) 
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It is seen that the difference in gains for design MJ2L and MJ2S are significant for a 
particular dielectric thickness. The difference in the gain is 0.97dB. The larger 
aperture produces a narrower beam near resonance hence more gain. Though it 
should be noted that elements nearer to the feeder end are more important in 
exciting the fields within the antenna. Hence only a difference of less than IdB is 
observed for the thick dielectric material. For the thin dielectric material, comparing 
the two horn designs the differences in the gain is 0.88dB. The variance in the two 
designs again is less than IdB for the thin dielectric substrate. 
The difference in the frequency is less than 0.3GHz for the two different dielectric 
substrate thickness. The -0.5 to +0.5dB bandwidth is 12.02% for design MJ2S and 
3.63% for the larger horn for the thick dielectric material. 
Figure 4.20 shows the set-up used for the thin dielectric FSH measurements. A 
polystyrene cone supported the thin dielectric cone to retain its shape during the 
measurements. The thin dielectric horn reduces the effects of the dielectric material. 
polystyrene support 
inserted into the thin 
dielectric om 
circular I-band 
waveguide 
Absorber 
Figure 4.20 Thin dielectric FSH supported by a polystyrene cone 
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Figure 4.21 Thin dielectric horn simulated and measuredfrequency response 
Figure 4.21 shows the comparison of the simulated and measured frequency 
response patterns for designs MJ2L and MJ2S for the thin dielectric material. The 
parameters used in the simulations for both designs are identical. Figure 4.21 shows 
the best match obtained between the measured and the simulated results. In design 
MJ2S, the number of elements in total is 184 compared to 448 in design MJ2L. The 
difference in the resonance frequency between the two designs is 0.3GHz, with 
design MJ2L having the higher frequency. There is a difference of 0.88dB in the 
gain between the antennas. This is due to the extra 280 elements in design MJ2L. 
Figure 4.22 shows the measured Sll response from both the designs. It is clearly 
seen that there is a good match between the FSH and the feed near the resonance 
frequencies «-lSdB) for both design MJ2L and MJ2S. Measurements were also 
carried out by rotating the FSHs with respect to the feeder which resulted in a 
negligible change in the return loss measurements were observed for both designs. 
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Figure 4.22 Return loss measurements of design MJ2L and MJ2S 
4.4.8 Radiation Patterns 
In this section the radiation patterns of both designs MJ2S and MJ2L are compared 
and presented with the simulated patterns. Figure 4.23-4.26 shows the simulated and 
measured E and H-plane radiation patterns compared with the open-ended 
waveguide and a solid horn. The differences in beamwidth is due to aperture 
illumination. In both planes the solid horn patterns are narrower than the FSH. The 
half power beamwidths at 14GHz is 58.5° and 70.5° for the E and H-planes 
respectively. In comparison, at 15GHz the half power beamwidths for the E and H-
° ° planes are 47.1 and 58.4 . As expected at the resonance frequency (15GHz), the 
radiation patterns are narrower in both planes. There is a good agreement between 
the measured and simulated results in both planes. 
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Figures 4.27-4.30 shows the E and H-plane radiation patterns of the FSH MI2L. As 
before, the simulated response as well as the waveguide and solid horn patterns has 
been plotted for comparison. The E-plane patterns are narrower than the H-plane 
patterns as expected. The -3 dB beamwidth for 14 and 15GHz in the E-plane are 
49.So and 35.6° respectively. In comparison, the H-plane patterns at 14 and 15GHz 
are 62° and 60° respectively. From the E-plane patterns of MJ2L and MJ2S it is 
easily seen that the larger horn MI2L has narrower patterns. Which is also reflected 
by the higher gain at resonance. 
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4.4.9 Current Distribution 
Figures 4.31-4.33 shows the current distribution of the elements on the horn MJ2S. 
Here, the currents only on the elements on the top half of the cone are presented, as 
they are identical to the bottom. The elements on the surface of the cone are 
projected onto a flat plane. The x-axis represents the cone radius Cd,} and the z-axis 
representing the height of the horn (H). The amplitude of the currents are 
normalised with respect to the maximum value at the resonance frequency. It is 
evident that around resonance frequency (15.00Hz) the current distribution across 
the horn is far greater than at frequencies away from the resonance. As seen from 
Figure 4.31, at 120Hz there is little excitement of the elements across the plane of 
the surface compared to 150Hz as shown in Figure 4.32. It is also clear that the 
elements nearer to the feeder end have greater amplitude than the elements further 
down the depth of the horn. 
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Feed end 
Element position projected onto a flat plana 
Figure 4.33 Current distribution at 17GHz 
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4.5 Conclusions 
To summarise, the analysis of the circular feed aperture was presented. The SPS 
feed model provided an efficient method of modelling the incident TEll dominant 
mode. The derivation for the near field from each patch of the SPS model was 
obtained from the Stratton and Chu formulation. The simulated feed patterns gave a 
good agreement with the measured patterns. 
The second half of the chapter dealt with a FSH consisting of a polar array dipole 
geometry (MJ2). Two sizes of the MJ2 FSH were produced. The smaller of the two, 
(MJ2S), was used as the guinea pig to perform parametric studies. The 
computational time needed to run a certain set of data variables per frequency scan 
was relatively short in comparison with the bigger design (MJ2L). Large numbers 
of segments per dipole could be used to test for convergence using the smaller 
model. 
The difference in gain for the two antennas for a thin dielectric substrate was 
O.88dB. The resonance frequency can easily be identified from the frequency 
responses. At the resonance frequency the gain is at a maximum. The simulated and 
measured frequency responses give a good agreement with each other. The radiation 
patterns can also be used to identify the resonance frequency. This is the frequency 
where the radiation patterns are narrowest. At this frequency the individual dipole 
elements behave as perfect resonators reflecting the incident electromagnetic waves. 
Three different parameters in the model could be varied in order to change the 
simulated characteristics of the FSH. Namely, the number of current pulses used to 
represent the currents on the dipole, the width of the conductor in the equivalent 
cylindrical model and the thickness of the dielectric substrate coating. A parametric 
study was carried out in order to find the optimum values the above mentioned 
variables such that a good agreement was obtained with the measurements. 
Previously published work by Popvic and Nesic provided the necessary constraints 
needed in order to converge on realistic values for the above mentioned variables. 
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By increasing the radius of the dipole, the substrate thickness and the number of 
segments (which represents the amount of current pulses used) the resonance 
frequency is reduced. Also the effects of changing the periodicity was studied. It 
was seen that increasing the periodicity increases the resonance frequency. 
Radiation patterns of both E and H-planes were measured for both FSH designs. 
The measurements agreed well with the simulated radiation patterns. Finally, the 
current distributions produced, showed that, at resonance, the amplitude of the 
currents was far greater than at out of resonance frequencies. Also the currents at 
the mouth of the horn was far greater than at the base of the horn. Which suggested 
that it is far more efficient to excite full-length elements at the mouth of the horn. 
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CONCLUSIONS AND FUTURE WORK 
The radiation from a conical FSH was presented in this thesis. The research started 
by introducing the reader to a FSH. The FSH is constructed by printing the desired 
array geometry on a flat panel sector using standard lithographic techniques and 
folding the flat sector into a shape of a cone. Five different FSH geometries were 
investigated in this thesis. 
The square loop array [1-3] geometry gave a highest gain in comparison to all the 
geometries presented in this thesis. The performance of the square loop array horn is 
as good as a solid horn of the same dimensions at the resonance frequency. From 
the return-loss measurements it was evident that the antenna was well matched to 
the open ended waveguide. At the resonant frequency, the measured E and H-plane 
radiation patterns of the FSH were identical to that of a solid horn. However, unlike 
a solid horn, where the horn is made to operate in a particular frequency band, the 
FSH could be made to operate at a desired frequency and still behave as close to a 
conventional solid horn. The ring array geometry also gave a very close response to 
that of a solid horn at the resonant frequency. 
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In the transverse dipole array and the cross dipole array, there were three distinct 
regions identifiable in the frequency response. The first region exhibits a very high 
gain area, which resembles a surface wave mode. The surface wave mode is excited 
due to the discontinuity in the dipole. Then, a leaky region where most of the power 
leaks out from the sides of the horn. Finally, a gain area where the dipole elements 
resonate. Similar results have been obtained for Frequency Selective Guides (FSGs) 
[4], with dipole elements in a transverse geometry. From the return loss 
measurements it is seen that the match between the FSH and the open-ended 
waveguide is poor. The reflection between the FSH and open-ended waveguide 
causes the dipoles to be excited yielding re-radiation within the FSH. Hence, very 
high sidelobes are present in the radiation patterns. Due to the transverse dipole 
geometry, the H-plane patterns are narrower than the E-plane radiation patterns. In 
the surface wave region, the radiation patterns resembles narrow patterns obtained 
from a dielectric-rod antenna [5]. 
The dipole geometry of the transverse dipole array antenna was rotated by 90° to 
form another FSH [6-9]. Two orientations of the symmetrical dipole geometry were 
investigated. The orientation of the FSH was classified with respect to the incident 
field. The gain of the antenna was similar to that of the transverse dipole array. The 
resonance frequency was easily identified by highest gain frequency. Also, the 
narrowest radiation pattern indicates the resonance frequency. Unlike the transverse 
geometry, the E-plane patterns were narrower. The return loss measurement 
predicted a good match between the open-ended waveguide and the FSH. 
The dipoles were arranged in a polar nature such that dipoles were along the slant of 
the horn. Hence, far more elements could be accompanied on the surface of the 
cone. The analysis takes into account the curvature of the surface and the coupling 
between all the FSS elements [10]. The model is referred to as a Finite Current (FC) 
model because the interactions between all the FSS elements are treated in a finite 
geometrical sense. The scattered field from dipole elements is found by formulating 
an Electric Field Integral Equation (EFIE). The integral equation is solved using the 
Method of Moments (MoM) technique. The method was first used by Popovic [11] 
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for a dielectric and ferrite coated antenna. The MoM technique reduces the EFIE 
into a matrix system. The system consists of two column matrices and a square 
matrix. The square matrix yields the known impedance terms, which corresponds to 
the coupling of the FSS elements. The first of the two column matrices is the known 
incident field and the other is the unknown current on the dipole elements due to the 
incident field excitation. The system is solved using the elimination method with the 
aid of a suitable NAG routine. The symmetries in the impedance matrix have been 
exploited to reduce the computational time. Hence, only half the impedance terms 
are calculated and copied across its leading diagonal to form the total impedance 
matrix. To compute the incident field, the circular feed is divided into small patches. 
A rigorous evaluation of the near field of the horn is approximated by using the 
Superposition of Point Sources (SPS) and adopting the Stratton and Chu [12] 
formulation to find the incident TEll mode of the feed. The patches were made 
small enough so that the aperture fields do not vary within each patch. 
Two polar dipole array horns were built with thin dielectric support. The thin 
dielectric material was used to minimise the effects of the dielectric substrate. The 
smaller of the two polar dipole horns was used to carry out parametric studies to 
find the optimum input parameters that match the measured responses. 
The thin flat metallic strip supported on a dielectric substrate was modelled as a 
cylindrical segment with a dielectric coating. The radius of the metallic cylinder 
was approximated to be quarter of the width of the flat metallic strip [13]. As the 
radius of the equivalent cylinder was increased the resonance frequency decreased. 
The radiation patterns become narrower for the aforementioned change. However, 
the change is insignificant. 
The effects of changing the dielectric coating proved that as the thickness of the 
coating is increased the resonance frequency is lowered and the radiation patterns 
got narrower. In order to find the thickness of the dielectric coating an equation 
developed by [14] was used. Further useful work on this subject is also presented in 
[15,16]. A change in the dielectric thickness was related to the capacitance between 
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two adjacent elements. A change in the capacitance causes the resonance frequency 
to shift. Though most literature was available to find the capacitance of infinite 
substrate thickness, not many dealt with handling the finite substrate thickness. 
However, [17] presented an expression for a trial function for the capacitance, 
which was used in this research work by the author. 
The unknown current on the dipole elements were represented by pulse based 
current functions. As the number of current functions was increased the resonance 
frequency decreased. Also the memory needed and the CPU time increased. The 
maximum number of current functions to be used was limited as shown by [18]. 
Nevertheless, ten segments gave a good agreement between the measured and the 
simulated response. 
A very good match between the measurements and the simulations were obtained 
with optimum values of the above mentioned variables. Some of these results have 
already been published [19]. 
Other considerations for future work could begin with finding fields within the 
FSHs to understand the behaviour of the fields inside the FSH especially at 
resonance and frequencies away from resonance. Also, as a point of interest the 
behaviour of the fields in the FSH at the three distinct regions of the surface wave, 
leaky wave and the guiding wave in the transverse dipole array. The mismatches 
between the waveguide and the FSH also need to be investigated. At present a 
research project carried out looks into the mismatches between solid circular 
waveguides and FSGs [20]. This work undoubtedly will give a far better 
understanding of the mismatches involved. 
The model developed computes a FSH with dipole elements. Dipoles were chosen, 
as their geometry is simple and relatively straightforward to compute. The current 
expansion on linear elements such as dipoles does not lead to an impedance matrix 
of large dimensions. As a next step forward, arrays of more complex elements such 
as rings, square loops and tripoles should be modelled. These elements are more 
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stable to variations in the angle of incidence and produces higher gain FSHs (ring 
elements). 
An advantage of FSH antennas is the ability to control the resonance frequency. 
Thus, by having elements of different dimensions (dipoles of different lengths) the 
FSH could be made to operate at two independent frequencies. Such an antenna can 
transmit or receive information at two independent frequencies. Other areas of 
interest include multi-beam antennas where, two FSHs of different horn apertures 
are fed by the same circular feed to provide two different beams. 
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APPENDIX A 
FEED TO SURFACE CO-ORDINATE 
TRANSFORMATIONS 
In order to rotate the feeder with respect to the FSH in the y! - z! plane the 
following transformations are used. 
o 
Figure 5.1 Feed tilted in the y! - z! plane 
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Feed to surface co-ordinate transfonnations 
[~J[~ 
and 
o 
-cos80 
sin80 
o 
-cos80 
-sin80 
Appendix A 
In order to rotate the feeder with respect to the FSH in the x! - z! plane the 
following transfonnations are used. 
e 
Figure 5.2 Feed tilted in the x! - z! plane 
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Feed to surface co-ordinate transformations 
and 
-1 
o 
o 
-coseo 
o 
sineo 
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